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New therapeutic approaches to resolve persistent pain are highly
needed. We tested the hypothesis that manipulation of cytokine
receptors on sensory neurons by clustering regulatory cytokine
receptor pairs with a fusion protein of interleukin (IL)-4 and IL-10
(IL4-10 FP) would redirect signaling pathways to optimally boost
pain-resolution pathways. We demonstrate that a population of
mouse sensory neurons express both receptors for the regulatory
cytokines IL-4 and IL-10. This population increases during persis-
tent inflammatory pain. Triggering these receptors with IL4-10 FP
has unheralded biological effects, because it resolves inflamma-
tory pain in both male and female mice. Knockdown of both IL4
and IL10 receptors in sensory neurons in vivo ablated the IL4-10
FP-mediated inhibition of inflammatory pain. Knockdown of either
one of the receptors prevented the analgesic gain-of-function of
IL4-10 FP. In vitro, IL4-10 FP inhibited inflammatory mediator-
induced neuronal sensitization more effectively than the combina-
tion of cytokines, confirming its superior activity. The IL4-10 FP,
contrary to the combination of IL-4 and IL-10, promoted clustering
of IL-4 and IL-10 receptors in sensory neurons, leading to unique
signaling, that is exemplified by activation of shifts in the cellular
kinome and transcriptome. Interrogation of the potentially involved
signal pathways led us to identify JAK1 as a key downstream signal-
ing element that mediates the superior analgesic effects of IL4-10 FP.
Thus, IL4-10 FP constitutes an immune-biologic that clusters regu-
latory cytokine receptors in sensory neurons to transduce unique
signaling pathways required for full resolution of persistent
inflammatory pain.
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hronic pain is a disabling condition and a major clinical

problem affecting the quality of life of over 20% of the adult
population (1, 2). However, treatments to provide relief from
chronic pain are often ineffective or are discontinued due to severe
side effects (3). Spontaneous pain, hyperalgesia, and allodynia are
common symptoms experienced in chronic pain and are thought to
depend on sensitization of the sensory nervous system (4-6). Al-
though chronic pain may at first sight appear to be a neurological
problem, evidence indicates that the immune system plays an im-
portant role. Cytokines are key players in the regulation of immune
responses both in physiological and pathological states. However,
cytokines are also key regulators of pain. While proinflammatory
cytokines induce pain (7, 8), increasing evidence shows that regu-
latory cytokines play a role in triggering endogenous pain-resolution
pathways. In animal models, spinal interleukin (IL)-10 neutraliza-
tion with antibodies or by genetic ablation prevents the resolution
of inflammatory pain and chemotherapy-induced peripheral
neuropathy (9, 10). Moreover, enhanced spinal production of IL-4
and IL-10 in young rodents is linked to reduced development of
neuropathic pain after spinal cord injury (11). Importantly, IL-10
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levels in cerebrospinal fluid of chronic pain patients are inversely
correlated to pain symptoms (12). Furthermore, blood levels of
regulatory cytokines, including IL-4 and IL-10, are reduced in
patients with chronic pain, including complex regional pain syn-
drome, chronic widespread pain, and nondiabetic polyneuropathy
(12-15).

Regulatory cytokines, such as IL-4 and IL-10, act at different
levels in the sensory system. First, they reduce glial activation in
several murine models of chronic pain (5, 16, 17) and conse-
quently inhibit the production of glial-derived inflammatory cy-
tokines (18-20). More recent evidence suggests that sensory
neurons also respond to regulatory cytokines directly. Subsets of
mouse sensory neurons express mRNA for both IL-4 and IL-10
receptors (21). Functionally, IL-10 promotes neurite outgrowth
and synapse formation in cultured cortical neurons after injury
(22). Importantly, IL-10 relieves neuropathic pain after intrathe-
cal or intracerebral injection in rodents (23-27) and reverses
chemotherapy-induced spontaneous firing and hyperexcitability
of dorsal root ganglia (DRG) neurons (10, 28). Furthermore,
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IL-4-deficient mice have decreased thresholds to touch as a result
of increased spinal neuron activity (29). Conversely, herpes sim-
plex virus-mediated overexpression of IL-4 in DRG alleviates
neuropathic pain (30). IL-4 inhibits neuronal activity induced
by chemotherapy (paclitaxel)-induced neuronal discharges (31)
and induces opioid receptor expression in neuronal cells in vitro
(32), which could facilitate pain relief by endogenous secreted
B-endorphin. Thus, regulatory cytokines are good candidates to
provide analgesia in chronic pain. However, the use of stand-alone
cytokines as a pain therapeutic has limitations because of their
poor bioavailability and documentation that they can work syn-
ergistically in combination (19, 33).

To improve the therapeutic potency of wild-type cytokines, we
genetically engineered a fusion protein of the two regulatory
cytokines, IL-4 and IL-10. This IL4-10 FP has potent analgesic
effects; it inhibits chronic pain more effectively than the mere
sum of the combination of the two cytokine moieties. Moreover,
multiple injections of the IL4-10 FP completely and perma-
nently resolve chronic inflammatory pain in animal models
(19, 34, 35).

Cytokines elicit signaling through homo- or heterodimerization
of cell surface receptor chains. The signaling by and functional
response to each cytokine depends on the identity of the specific
receptor chains it binds (36-40). Intriguingly, cytokine receptor sig-
naling can be redirected via engineered fusion of different cytokines
in which each cytokine is mutated to only bind one receptor chain,
and as such cause nonnatural dimerization of different cytokine
receptor pairs. This nonnatural dimerization of cytokine-receptors
generates new signaling programs that differ from those generated
by wild-type cytokines under physiological conditions (41). We
postulate that the unique analgesic gain-of-function of IL4-10 FP
is due to heterologous clustering of IL-4R and IL-10R on neurons.

Results

Sensory Neuron IL-4 and IL-10 Receptors Mediate IL4-10-Induced
Analgesia. To identify whether sensory neurons respond to the
regulatory cytokines IL-4 and IL-10, we first determined ex-
pression of the a-chain of IL-10R, IL-10Ra, and IL-4Ra, the
shared chain of all IL-4Rs in murine sensory neurons. In culture,
both IL-4Ra and IL-10Ra are expressed in NF200™, peripherin-
expressing neurons and nonpeptidergic IB4™ neurons (SI Ap-
pendix, Fig. S14), often by the same cells (SI Appendix, Fig. S1B).
In vivo, mRNA expression of the receptor chains in sensory
neurons of nondiseased mice was confirmed using RNAscope. In
mice ~39% + 16 (mean + SD, n = 4 mice, 3 DRG per mouse) of
sensory neurons expressed the IL-4Ra but not IL-10Ra, while
~2.7% + 2.4 expressed IL-10Ra and not IL-4Ra. Sensory neu-
rons that expressed both receptor chains constituted ~22% + 16
of the total sensory neuron population (Fig. 14). The proportion
of sensory neurons expressing IL-4Ra and IL-10Ra was slightly
increased between males and female mice (S Appendix, Fig. S2).
IL-10Ra and IL-4Ra protein expression in sensory neurons of
nondiseased mice was confirmed using immune-fluorescent
staining of the DRG. (Fig. 1C and SI Appendix, Fig. S3). Next,
we assessed whether cytokine receptor chain expression and the
proportion of IL-4Ra and IL-10Ra coexpressing sensory neurons
is regulated during persistent inflammatory pain. At 6 d after the
induction of persistent inflammatory pain the proportion of
neurons expressing both cytokine chains had increased up to
49% =+ 14, while the proportion of neurons not expressing either
of the two cytokine receptor chains had dropped to 3.7% + 2.6
(Fig. 1 A and B).

We verified whether IL4-10 FP inhibits persistent inflamma-
tory pain, as shown previously (19), in both sexes. Intrathecal
injection of IL4-10 FP at day 6 after induction of persistent in-
flammatory pain inhibited mechanical hypersensitivity in both
females and males to the same extent 24 h after injection (S/
Appendix, Fig. S4). To test the requirement of IL-4Ra expression

20f12 | PNAS
https://doi.org/10.1073/pnas.2009647118

in sensory neurons for the analgesic activity of IL4-10 FP, we
used intrathecal administration of antisense oligodeoxynucleo-
tides (asODN). This mainly targets IL-4Rax mRNA in cells in the
lumbar DRG (42). Three daily intrathecal injections of IL-4Ra
asODN reduced IL-4Ra mRNA and protein expression in the
DRG by ~70% compared to mice treated with mismatched
(mm) asODN (Fig. 1D). IL-4R protein expression was not sig-
nificantly affected in the dorsal horn of the spinal cord after IL-
4Ra asODN (SI Appendix, Fig. S5). Intrathecal injection of
IL4-10 FP (1 pg) at 6 d after the induction of persistent in-
flammatory pain completely inhibited carrageenan-induced
thermal and mechanical hyperalgesia in female mice treated
with mmODN (Fig. 1 E and F), confirming the potent analgesic
properties of IL4-10 FP (19). Notably, the fusion protein did not
abolish the ability to sense mechanical or thermal stimuli.
Knockdown of IL-4Ra during established carrageenan-induced
hyperalgesia did not affect the magnitude of mechanical hyper-
sensitivity. However, IL-4Ra knockdown in the DRG markedly
reduced the analgesic effect of IL4-10 FP compared to mice
treated with mmODN (Fig. 1 E and F). To identify the role
of IL-10Ra expression in the analgesic properties of 1L4-10 FP,
IL-10Ra was selectively ablated in Na,1.8-expressing neurons
(Na,1.8-IL-10R ") (Fig. 1 G-I) that mediate inflammatory pain
(43). The course of carrageenan-induced persistent inflamma-
tory hyperalgesia was indistinguishable between wild-type (male
and female) and Na, 1.8-IL-10R ™'~ animals. Intrathecal injection
of IL4-10 FP (1 pg) at day 6 after induction of inflammatory pain
attenuated thermal and mechanical hyperalgesia in wild-type
animals. In contrast, deletion of IL-10Ra in Na,1.8-nociceptors
partially ablated IL4-10 FP-induced inhibition of both mechanical
and thermal hyperalgesia (Fig. 1 H and I), indicating that noci-
ceptor IL-10Rw is required, in part, for the pain-inhibiting effects
of IL4-10 FP.

Since both receptors were required for the full pain-inhibiting
effect of the IL4-10 FP, we next tested if ablation of both re-
ceptors in sensory neurons would completely prevent the anal-
gesic actions of the IL4-10 FP. To that end, IL-4R expression
was knocked down in Na,1.8-IL-10R™~ mice with intrathecal
IL-4Ra asODN injections. Knockdown of both IL-4Ra and IL-
10Ra did not affect the course of persistent inflammatory pain
(Fig. 2 A and B). Importantly, knockdown of both IL-4Ra and
IL-10Ra expression in the DRGs completely abolished 1L4-10
FP-induced resolution of pain during the 24 h observation period
(Fig. 2 4 and B).

Spinal immediate-early gene c-Fos expression is increased in
the dorsal horn of the spinal cord of carrageenan-injected animals
(44, 45) and can be used as a proxy of spinal neuronal activation
(46, 47). At day 7 after intraplantar carrageenan injection the
number of c-Fos™ neurons in the superficial layers of the dorsal
horn was significantly increased compared to naive animals
(Fig. 2C). Intrathecal administration of IL4-10 FP significantly
reduced the number of dorsal horn spinal cord c-Fos* neurons
(Fig. 2C). Knockdown of IL-4Ra and IL-10Ra in sensory neurons
completely prevented this [L4-10 FP mediated attenuation of c-Fos
expression. Overall, these data demonstrate that both IL-4Ra and
IL-10Ra in sensory neurons are required for the full IL4-10 FP-
induced inhibition of persistent inflammatory pain.

IL4-10 FP Inhibits Neuronal Sensitization. Proinflammatory media-
tors sensitize sensory neurons to noxious and innocuous stimuli
(4, 48). To test whether ILA-10 FP inhibits inflammatory
mediator-induced sensitization of capsaicin-induced calcium re-
sponses in sensory neurons, cultured neurons from male and
female mice were treated with tumor necrosis factor (TNF)
(50 ng/mL)) with and without IL4-10 FP (100 ng/mL, 3 nM). The
majority of transient receptor potential vanilloid 1 (TRPV1)-
expressing sensory neurons expressed IL-4Ra and IL-10Ra (S
Appendix, Fig. S6). TNF significantly increased the magnitude of

Prado et al.
Cytokine receptor clustering in sensory neurons with an engineered cytokine fusion
protein triggers unique pain resolution pathways


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009647118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009647118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009647118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009647118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009647118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009647118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009647118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009647118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009647118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009647118/-/DCSupplemental
https://doi.org/10.1073/pnas.2009647118

A PP Ovarlay

= |L4R-II10R- == |L4R-I10R+
mm |L4R+II10R- mm  [L4R+II110R+

Naive

Carrageenan
3.7%***

*kk

2.7% 49.3%

46.3%

0.7%

E F

> 9, -+ mm asODN IL4RasODN 435~ 17 -+ mmasODN IL4R asODN 150+
o
5 . i
]
£ - = 3 = 125
1004
IL4R 7 § o s é
w63 = 4
00 02 04 6 £ g el [ g 100
> 54 £ G i £
IL4R mRNA 2 E 01 E 751
8 4 k] £ s
&, & 509 = 2 o
il o R \ = 504
4
a S -1 —3 1
<] 21 T 259 <
2 asODN 251
14 asODN
B o 0.01+ - od
v i T E y ] 3 6 1 3 6 24
o 3 6 1 . 3 6 24 00‘\ Q‘é‘ Time after Time after IL4-10 QO‘\Q‘\
Time after Time after IL4-10 S &L CAR (days) injection (h) &
CAR (d injection (h & @& & @
(days) injection (h) & \\," & \\.’b
17 - WT Na,1.84L10R™  425- 91 = WT Na,L.84L10R™  qp5.
ad
c 100 79 100
= \ = e\ e e =
3 £ 2 o)\ £
® 014 = 2 3 2
=4 & 5 4 £
= o = b bt J
= W 4 g 5.0 g ®
S i ¥ E 2
I 254 21 25
14
0.01+—— ——————— od O —— o
036 1 3 6 24 48 72 x 0361 3 6 24 48 72
Time after Time after IL4-10 & & Time after Time after IL4-10 < &
CAR (days) injection (h) »\?"\V CAR (days) injection (h) N@"
& &

Fig. 1. IL-4 and IL-10 receptors expressed in sensory neurons are required for IL4-10-induced analgesia. (A) Pie-chart representation of quantification of DRG
neurons double-negative for IL-4Ra and IL-10Ra, IL-4Ra*, IL-10Ra*, or double-positive in nontreated mice (Left) or 6 d after intraplantar injection of 20 pL of
2% carrageenan (Right). Sample size per condition is three DRGs (L3, L4, L5) per mouse, four mice with two from each sex. (B) Representative picture of
RNAscope of DRG of mice 6 d after intraplantar injection of 20 pL of 2% carrageenan. (Scale bars, 50 pm.) (C) Protein expression of IL-4Ra (Upper) and IL-10Ra
(Lower) in murine DRG. (D-F) Persistent inflammatory pain was induced by an intraplantar injection of 20 pL of 2% carrageenan (CAR). At days 3, 4, and 5
after intraplantar injection of carrageenan, female mice received intrathecal injections of mmODN or IL-4R asODN. (D) Expression of IL-4R mRNA (Upper, n =
13 to 18) and protein (Lower, n = 4) in the DRG of IL-4R asODN-treated mice. IL-4Rax mRNA levels were measure with gPCR and corrected for housekeeping
genes (actin, GAPDH, and HPRT). Protein expression was determined by quantifying IL-4Rax immunofluorescent staining intensity. Six days after carrageenan
administration, female mice received an intrathecal injection of 1 pg IL4-10 FP (n = 5 per group) and (E) thermal and (F) mechanical sensitivity was followed over
time using Hargreaves and Von Frey tests, respectively. Right bar graphs represent the analgesic effects of IL4-10 synerkine determined as area under the curve
(AUCQ) between 1 and 24 h after intrathecal injection. (G) Immunofluorescence staining of DRG of naive mice for IL10R expression (green) in DRGs from wild-type
(Upper) or Nay1.8-IL10R™~ (Lower) mice combined with neuronal staining for p3-tubulin (purple) and satellite cell marker glutamine synthetase (GS, red). (Scale
bars, 50 pm.) (H and /) At 6 d after induction of persistent inflammatory pain, WT mice and Nay/1 8-IL-10R™~ mice (males [n = 14] and females [n = 13]) received an
intrathecal injection of 1 ug IL4-10 FP and (H) thermal and (/) mechanical sensitivity was followed over time using Hargreaves or Von Frey tests, respectively. Right
bar graphs represent the analgesic effects of IL4-10 FP determined as AUC for the effect of ILA-10 FP between 1 and 72 h after intrathecal injection. Data are
represented as mean + SEM. Two-way ANOVA, followed by Sidak’s multiple comparison test was used in comparisons in A and the time-course graphs of E, F, H,
and /. Significance was tested by unpaired t test (D; AUC comparisons in E, F, H, and /). *P < 0.05, **P < 0.01, and ***P < 0.001, respectively.

capsaicin-induced calcium influxes compared to untreated cells
(Fig. 34). Cotreatment with the IL4-10 FP completely prevented
the sensitization of capsaicin-evoked calcium influx by TNF
(Fig. 3 A-C). Similarly, IL4-10 FP inhibited PGE,-induced sen-
sitization of capsaicin-induced calcium responses (Fig. 3 D-F).
These data demonstrate that the IL4-10 FP prevents neuronal

sensitization by inflammatory mediators.
To identify whether the inhibitory effects of IL4-10 FP on

neuronal sensitization required both cytokine moieties, receptor-
blocking antibodies were added (Fig. 3G). Blocking either IL-4R
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or IL-10R slightly reduced the IL4-10 FP-induced inhibition of
TNF-induced sensitization of capsaicin-evoked calcium responses.
Interestingly, blocking both IL-4R and IL-10R receptors com-
pletely abrogated the IL4-10 FP-induced inhibition of neuronal
sensitization. Next, we tested whether the effects of the IL4-10 FP
on neuronal sensitization are superior to those of the combination
of the wild-type cytokines. IL4-10 FP concentration-dependently
inhibited TNF-induced sensitization of capsaicin-evoked calcium in-
flux (Fig. 3 H and I). At a concentration of 3 nM, ILA-10 FP com-
pletely reversed TNF-induced sensitization, while the combination
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Fig. 2. Knockdown of both IL-4Ra and IL-10Ra in sensory neurons ablates the analgesic effects of IL4-10 FP. Inflammatory pain was induced by an intra-
plantar injection of 20 uL of 2% carrageenan in wild-type mice or Nay1.8-IL-10R™". At days 3, 4, and 5 after intraplantar injection, male and female mice received
intrathecal injections of mmODN or IL-4R asODN. Six days after intraplantar injection, mice received an intrathecal injection of 1 pg IL4-10 FP and (A) thermal and
(B) mechanical sensitivity was followed over time using Hargreaves or Von Frey tests, respectively (n =4 to 11 per group). Right bar graphs represent the analgesic
effects of IL4-10 FP determined as AUC between 1 and 24 h after intrathecal injection. (C) Quantification of the total number of c-Fos* neurons in laminae | to Il
of the spinal cord 24 h after IL4-10 FP application. (Right, Upper) Example c-Fos staining of the superficial dorsal horn of the spinal cord (magnification: 100x).
(Right, Lower) Representative pictures (magnification: 400x) of c-Fos staining of the dorsal horn of naive (i), carrageenan-injected vehicle-treated WT mice (i),
carrageenan-injected 1L4-10 FP-treated WT mice (iii), and carrageenan-injected IL-4R asODN and IL4-10-treated Nay1 8-IL-10R~ mice (V) (h=41t0 6 per group).
Significance was tested by one-way ANOVA followed by Sidak’s multiple comparison test for AUC comparisons in A-C. Two-way ANOVA followed by Tukey’s
multiple comparison test was used in time course graphs of A and B. Data are represented as mean + SEM, *P < 0.05, **P < 0.01, and ***P < 0.001, respectively.

of individual cytokines at the highest dose tested (30 nM) inhibited
the TNF-induced sensitization to a maximum of 50% (Fig. 3I).
These data indicate that fusion of IL-4 and IL-10 into one protein
induces a gain-of-potency of IL-4 and IL-10 to reduce neuronal
sensitization by inflammatory mediators.

IL4-10 FP Clusters IL-4R and IL-10R in Sensory Neurons. Fusion of IL-
4 and IL-10 into one molecule rendered the protein more effective
in inhibiting inflammatory pain (19) and neuronal sensitization
(Fig. 3 H and I) than the sum of the individual moieties. We
hypothesized that the fusion protein causes heterologous clus-
tering of IL-4R and IL-10R, thereby inducing biased signaling in
sensory neurons. Sensory neurons were stimulated with 1L.4-10
FP or the combination of cytokines for 15 min in vitro followed
by a proximity ligation assay (PLA) to assess clustering of IL-4R
and IL-10R. This method enabled us to detect clustering of the
two receptors within a 51-nm range. IL4-10 (100 ng/mL, 3 nM)
treatment clearly clustered IL-4R and IL-10R receptors in sen-
sory neurons, while receptor clustering did not occur after
treatment with equimolar concentration of the combination of
the cytokines or after vehicle (Fig. 4 and SI Appendix, Fig. S7).
The IL4-10 FP induced clustering of IL-4R and IL-10R was
specific for these receptors because IL-4R and another highly
expressed membrane protein, CD200, did not cluster after
IL4-10 FP administration (SI Appendix, Fig. S8).

IL4-10 FP Induces a Distinct Kinase Activity Profile Compared to the
Combination of Cytokines. The ability of IL4-10 FP to cross-link
IL-4 and IL-10 receptor chains raised the possibility that this
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fusion protein drives unique downstream signaling events. To
elucidate downstream signaling in sensory neurons in an unbi-
ased manner, we performed PAMgene kinase activity profiling to
assess global protein tyrosine kinases (PTK) and serine/threo-
nine kinases (STK) activity after in vivo IL4-10 FP administra-
tion in homogenates of lumbar DRG of female mice with
persistent inflammatory pain. Kinomic profiles were assessed at
30, 60, and 240 min after intrathecal administration with either
the IL4-10 FP, the combination of cytokines or PBS. Analyses of
the three different time points indicated that the most prominent
changes in kinome profiles between IL4-10 FP and IL-4+IL-10
were present at 60 min after intrathecal injection, with 41 pep-
tides differentially phosphorylated in the PTK chip (SI Appendix,
Table S1) and 47 peptides in the STK chip (SI Appendix, Table
S2). At 30 min after treatment with IL4-10 FP, 36 differentially
phosphorylated peptides were detected in the PTK (SI Appendix,
Table S3) and STK (SI Appendix, Table S4) chips. At 240 min
after treatment with 1L4-10 FP, we did not detect differentially
phosphorylated peptides. Further analysis, indicated that 38
peptides were also differentially phosphorylated when DRGs
from 1L4-10 FP-treated mice were compared to DRG homog-
enates of vehicle-treated mice. Of these, 38 identified substrate
peptides, 33 peptides were not significantly phosphorylated by
kinases in the DRG homogenates of IL-4+IL-10-treated mice,
while 5 peptide substrates were significantly up-regulated by the
combination of IL-4 and IL-10, but to a lower extent than in
homogenates from IL4-10 FP-treated mice. Overall, these data
indicate that IL4-10 FP activates a unique set of PTKs.
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Fig. 3.

IL4 -10 FP inhibits inflammatory mediator-induced sensitization of sensory neurons. Fura-2-loaded primary sensory neurons from male and female

mice were stimulated with 30 nM capsaicin and Ca?* influx was measured as the ratio of F340/F380 normalized to basal levels. Sensory neurons were
stimulated overnight with (A-C) TNF (50 ng/mL, n = 157 to 244) or (D-F) PGE; (1 pM, n = 119 to 188) in the absence or presence of the IL4-10 FP (100 ng/mL,
3 nM). Total calcium fluxes were quantified by determining the maximal amplitude (B and E) of capsaicin-evoked Ca®* responses (applied at time point 1 min)
and the AUC (C and F) of capsaicin-evoked Ca®* influx over 5 min. (G) Sensory neurons were stimulated overnight with TNF (50 ng/mL) and I1L4-10 FP (100 ng/mL) in
the presence of receptor-blocking antibodies (2 pg/mL) against the IL-4 receptor («lL-4R) and the IL-10 receptor (alL-10R). Inhibition of TNF-sensitization was
measured as percentage of AUC of capsaicin-evoked Ca®* response over 5 min. Asterisks represent significant differences compared to the TNF-sensitized
neuronal response (n = 51 to 164). (H and /) Sensory neurons were stimulated overnight with TNF (50 ng/mL) in combination with different concentrations
(0.3, 3, and 30 nM) of IL4-10 FP or equimolar doses of the combination of both recombinant cytokines. Inhibition of TNF-sensitization was measured as the
percentage of the (H) amplitude or (/) AUC of capsaicin-evoked Ca®* response over 5 min (n = 107 to 244). Significance was tested by one-way ANOVA
followed by Tukey’s multiple comparison test (B, C, E, and F). Data are represented as mean + SEM *P < 0.05, **P < 0.01, and ***P < 0.001, respectively (n =51
to 244 from at least 3 different cultures). In G, a one-sample t test (*) was used to test whether sensitization was still present and a One-way ANOVA followed
by Tukey’s multiple comparison test to compare differences between groups (##); **P < 0.01. In H and / an unpaired t test was used to test for difference

between IL4-10 for each concentration.

Evaluation of the differentially phosphorylated serine/threonine
kinases peptides by the DRGs of 1L4-10 FP versus IL-4+1L-10-
treated mice indicated 47 differentially phosphorylated peptides
(SI Appendix, Table S2). After IL-4 and IL-10 treatment, the
majority of peptides were phosphorylated to a lesser extent com-
pared to vehicle-treated mice, indicating inhibition of enzyme
activity. In contrast, IL4-10 FP did not affect phosphorylation of
these peptides, indicating that IL4-10 FP also activates serine/
threonine kinases differentially.

Each of the peptides present in the kinase activity array can be
substrates for different kinases, and one kinase or family of ki-
nases can phosphorylate different peptides. To predict the pu-
tative upstream kinases activated specifically by the IL4-10 FP,
the differential phosphorylation profiles were loaded into Phos-
phoNET. These analyses predicted that several kinases were dif-
ferentially activated by IL4-10 FP compared to IL-4+IL-10 at

Prado et al.

Cytokine receptor clustering in sensory neurons with an engineered cytokine fusion

protein triggers unique pain resolution pathways

60 min after injection based on the phosphorylated peptides
(Fig. 54). Predicted kinase activation trees activated by either
IL4-10 FP (SI Appendix, Fig. S9) or IL-4+1L-10 (SI Appendix, Fig.
S10) were determined based on the differentially phosphorylated
peptides when compared to vehicle-treated mice at the different
time points.

The rank of top 10 PTK (Fig. 5B) and top 10 STK (Fig. 5C)
differentially regulated by IL4-10 FP or the combination of IL-
4+1IL-10 were determined according to summation of sensitivity
and specificity score. The major differences in kinome activity
were observed in PTKs. The PTKs KIT, PDGFRA, FER, MET,
and JAK1, and the STKs AKT3, LATS2, NDR2, and CAMK2
were identified as putative downstream signaling kinases differ-
entially activated by IL4A-10 FP.

Opverall, these data show that IL4-10 FP drives the activation
of sets of kinases not activated by the combination of IL-4 and
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Untreated IL4+IL10 1L4-10

PLA

Blll-tubulin

Fig. 4. 1L4-10 FP induces heterologous receptor clustering in sensory neu-
rons. Cultured sensory neurons from female mice were treated for 15 min
with I1L4-10 FP (100 ng/mL; Right), the combination of IL-4 and IL-10 (50 ng/mL
each; Center) or vehicle (Left). After fixation PLA for IL-4R and IL-10R
was performed (red) and combined with immunofluorescent staining for
anti-glll-tubulin to identify sensory neurons (green). Presence of red fluo-
rescence indicates that IL-4R and IL-10R are at less than 51 nm in proximity to
each other. Control staining is shown in S/ Appendix, Fig. S3.

IL-10 and promotes stronger activation of several kinases also
activated by the combination of IL-4 and IL-10.

In Vivo IL4-10 FP Induces a Differential Transcriptome than the
Combination of Cytokines. To further explore the potential ca-
pacity of the IL4-10 FP to elicit unique downstream effects that
differ from that of the combination of IL-4 and IL-10, we per-
formed RNA sequencing (RNA-seq) of DRGs, 6 h after a single
intrathecal injection of the IL4-10 FP, the combination of IL-4
and IL-10, or PBS alone in female mice with persistent inflam-
matory pain. Principal component analysis (PCA) indicated that
75% of the variance in gene expression could be explained by the
first two principal components (Fig. 64). The first principal
component captured 55% variance of the data and separated the
mice injected with IL4-10 FP (shown as green circles in Fig. 64),
while the second principal component captured 20% variance of
the data and separated vehicle-treated animals (shown as blue
circles in Fig. 64), indicating that the fusion protein induced
different transcriptome changes. Hierarchical clustering of the
top 500 differentially regulated genes shows that, based on their
transcriptional profile, the individual animals are grouped to-
gether on basis of the three different treatments (Fig. 6B). Thus,
ILA-10 FP induces a different transcriptional profile compared
to mice treated with IL-4 and IL-10 or vehicle.

Treatment of mice with the combination of IL-4 and IL-10
resulted in 4,905 genes differentially expressed (false-discovery
rate [FDR]-corrected P < 0.05) compared to those injected with
PBS (Fig. 6C). Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway analysis indicated that these genes aggregate
in pathways affecting Toll-like receptor signaling, oxidative
phosphorylation, ribosomal proteins, and lipid metabolism. In
the mice injected intrathecally with the 1L.4-10 FP, 3,995 genes
were differentially expressed (FDR-corrected P < 0.05) com-
pared to those injected with vehicle (Fig. 6C). Pathway analysis
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of the differentially expressed genes showed that neuronal-
related genes, such as axon guidance and calcium signaling, or
energy production, such as oxidative phosphorylation were
down-regulated in mice treated with IL4-10 FP. Moreover,
genes involved in inflammatory pathways, like interferon sig-
naling, antigen processing, and presentation, complement, and
IL signaling were affected. Interestingly, when genes induced by
ILA-10 FP were compared with the combination of the cyto-
kines, 3,025 genes were differentially expressed (Fig. 6C).
Analysis of these genes indicated that the expression of 1,650
genes was increased, while 1,375 were down-regulated in the
ILA-10 FP group compared to the combination of cytokines.
Importantly, 1,675 genes were only regulated by IL4-10 FP but
not by the combination of cytokines. From these uniquely reg-
ulated genes, the expression of 981 genes was increased by
ILA-10 FP, while 694 were down-regulated.

To gain further insight into the potential signaling pathways
that could mediate the superior analgesic effects of 1IL4-10 FP,
we identified responsible and upstream kinases of the differen-
tial transcriptome induction between I1L4-10 FP and IL-4+I1L-10
using KEGG pathway analysis. Identified signaling pathways
include cytokine and chemokine signaling, NOD-like receptor
signaling, and JAK-STAT signaling (Fig. 6D). Focal and cell-
adhesion molecules and pathways affecting innate and adaptive
immune systems, such as Toll-like receptor and T and B cell
receptor pathways, indicated potential DRG-infiltrating immune
cells (Fig. 6D). A more extensive pathway enrichment analysis,
including top pathways regulated individually in IL4-10 FP-
treated mice or IL-4+IL-10-treated mice is displayed in SI Ap-
pendix, Fig. S11.

JAK1 Activation Is Required for the Superior Analgesic Effect of
IL4-10. Based on the data obtained from PAMgene analysis, we
identified KIT, PDGFRA, FER, MET, and JAKI1 as the five
highest-ranking potential tyrosine kinases linked to the superior
effects of IL4-10 FP. This, in combination with identified sig-
naling pathways from the RNA-seq data, led us to test whether
JAKT1 signaling mediates the superior effects of IL4-10 FP. First,
we validated whether 1L4-10 FP differentially activates JAK1
in vivo, by assessing phosphorylated (p)JAKI1 in sensory neurons
60 min after intrathecal IL4-10 FP injection in female mice with
carrageenan-induced persistent inflammatory pain. IL4-10 sig-
nificantly induced JAK1 phosphorylation in sensory neurons
compared to vehicle treatment, while treatment with IL-4 and
IL-10 did not (Fig. 7 A and B).

Next, we investigated if IL4-10 FP also differentially activates
JAKI in sensory neurons in vitro by determining pJAKI after
stimulation of sensory neurons with IL4-10 FP or equimolar
concentration of IL-4 and IL-10 for 10, 30, or 60 min. After 10 min,
IL4-10 FP significantly increased pJAK1 in sensory neurons
compared to vehicle and IL-4+IL-10 (Fig. 7C). At 30 min after
stimulation, both 11.4-10 FP and IL-4+IL-10 increased pJAK1
that had returned to baseline levels at 60 min after stimulation.
To investigate whether JAKI signaling is required for the su-
perior IL4-10 FP analgesic effect, carrageenan-injected female
mice were treated with Ruxolitinib (JAK1/2 inhibitor) for 3
consecutive days, starting 1 d before intrathecal administration
of IL4-10 FP. Ruxolitinib almost completely prevented the
IL4-10 FP-induced inhibition of thermal hyperalgesia (Fig. 7D)
and shortened the duration of IL4-10 FP-induced inhibition of
mechanical hyperalgesia (Fig. 7E). Inhibition of JAK1/2 with
Ruxolitinib did not affect IL-4+IL-10-induced inhibition of
hyperalgesia. To verify whether other kinases that we identified
based from PAMgene and RNA-seq data (c-Kit, PDGFR, or
c-Met) also contribute to the pain-inhibiting effects of 1L4-10
FP we inhibited those kinases using Dasatinib (Kit inhibitor),
Masitinib (Kit and PDGFR inhibitor), and JNJ-38877605 (c-Met
inhibitor) in female mice. Inhibition of c-Kit or combined inhibition
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Fig. 5. Kinome activity profiling of the DRG after IL4-10 FP or IL-4+IL-10 administration. Female mice received an intraplantar injection of 20 pL of 2%
carrageenan and 6 d later received an intrathecal injection with either vehicle, the combination of IL-4+IL-10 (0.5 pg each), or IL4-10 FP (1 pg). One hour after
intrathecal injection, DRGs were isolated and DRG homogenates were subjected to PAMgene analysis. (A) Predicted upstream kinases that can be inferred
from the peptide substrates differentially phosphorylatedon the PAM chips identified by unpaired t test comparison between samples from IL4-10-treated
animals compared to IL-4+IL-10-treated animals (n = 5 animals per group). lllustration reproduced in courtesy of Cell Signaling Technology, https:/Awww.
cellsignal.com/. (B) Top 10 predicted protein tyrosine kinases and (C) top 10 predicted serine/threonine kinases differentially regulated between samples from

IL4-10-treated animals compared to IL-4+IL-10-treated animals.

of c-Kit and PDGFR did not affect IL4-10 FP-induced inhibition of
thermal hyperalgesia (Fig. 7F). In contrast, inhibition of c-Kit and
both c-Kit and PDGFR enhanced the IL4-10 FP-induced reduction
in mechanical hyperalgesia by IL4-10 FP (Fig. 7G). Pharmacolog-
ical inhibition of c-Met partially attenuated the pain-inhibiting ef-
fects of IL4-10 FP (Fig. 7 F and G). Intraperitoneal injection of
either Dasatinib or Masitinib in mice with persistent inflammatory
pain did not affect mechanical thresholds (SI Appendix, Fig. S12).
Thermal hypersensitivity was slightly but significantly reduced only
at 6 h after injection, but this effect was not present at 24 h after
injection. Thus, pJAK1 and to some extent c-MET signaling is re-
quired for the superior pain-alleviating effect of IL4-10 FP.

Discussion

In the present work, a unique mechanism by which pain-
resolution pathways are fully triggered by the clustering of IL-4
and IL-10 receptors with a fusion molecule of two regulatory
cytokines, IL4-10 FP. Our work demonstrates that sensory
neurons express functional IL-4R and IL-10R, but that triggering
of these receptors by the combination of IL-4 and IL-10 is not
sufficient to fully inhibit neuronal sensitization and to resolve
chronic inflammatory pain in mice (19). Moreover, we demonstrate
that fusing IL-4 and IL-10 into a single entity, IL4-10 FP, yields a
molecule that causes heterologous clustering of IL-4 and IL-10
receptor chain complexes in sensory neurons in vitro. This clus-
tering triggers unique pathways, not activated by the combination
of both wild-type cytokines, that result in complete resolution of
chronic inflammatory pain in mice. Knockdown of either IL-4R or
IL-10R individually resulted in loss of this unique biological effect
of IL4-10 FP (i.e., full resolution of pain), leaving it with analgesic
activity comparable to the combination IL-4 and IL-10, whereas
ablation of both receptors in the DRG totally abrogated the analgesic
activity of IL4A-10 FP. Thus, we show that combining two regulatory
cytokines into a single entity creates a molecule that induces unique
signaling through dimerization of cytokine receptors in sensory neu-
rons which can be exploited to optimally trigger pain resolution
pathways and stop persistent inflammatory pain. Notably, IL4-10 FP
also inhibited neuropathic pain (19), chemotherapy-induced neurop-
athy (10), and osteoarthritis pain (49). As such IL4-10 FP constitutes

Prado et al.

Cytokine receptor clustering in sensory neurons with an engineered cytokine fusion

protein triggers unique pain resolution pathways

an immunobiologic with unprecedented properties to fully resolve
persistent pain.

Proinflammatory cytokines are well known for their ability to
induce pain by depolarizing and sensitizing sensory neurons
through activating cytokine receptors expressed in these cells (7,
8). The role of regulatory cytokines in regulating sensory neurons
is poorly understood. Recently, a few reports have shown that
regulatory cytokines directly modulate neuronal responses. Both
IL-4 and IL-10 reduce the number of neuronal ectopic discharges
induced by chemotherapy treatment (10, 28, 31). Moreover, IL-4
regulates opioid receptor expression in cultured neuronal cells
(32), while IL-10 down-regulates voltage-gated sodium channels in
DRGs (23) and promotes neurite growth and synapse formation
in vitro (22). We show here that IL-10R and IL-4R are expressed
by sets of sensory neurons in mice, are subject to regulation during
persistent inflammatory pain, and that these receptors are pivotal
for the analgesic action of a fusion protein of the regulatory cy-
tokines IL-4 and IL-10, confirming the importance of regulatory
cytokine to control in vivo sensory neuron functioning. IL4-10 FP
inhibits neuronal sensitization induced through completely dif-
ferent pathways, namely cytokine receptor-mediated or through G
protein-coupled receptors. Thus, the fusion protein is likely ca-
pable to interfere with sensitization by a variety of inflammatory
mediators that act through different receptor pathways.

We show here that IL-4R and IL-10R are expressed by sensory
neurons of mice and their expression is subject to regulation by
peripheral inflammation. Importantly, the proportion of sensory
neurons expressing both cytokine receptors is substantially larger
during persistent inflammatory pain than in naive conditions.
Thus, a peripheral inflammation renders sensory neurons in-
nervating the inflamed tissue sensitive to the regulation by IL-4
or IL-10. Though the physiological role of this up-regulation
remains to be understood, our findings imply that a large pro-
portion of sensory neurons (~50%) may be sensitive to clustering
of IL-4R and IL-10R by the IL4-10 FP during inflammatory pain.
To what extent these data can be translated to humans remains to
be established as mouse and human DRG show differences with
respect to cell biology and biochemistry. Analysis of available
transcriptomic data (50) indicates that human DRG express IL-4Ra
and IL-10Ra (SI Appendix, Fig. S13). Future research should reveal
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treated animals. (D) Pathway enrichment analysis of the differentially regulated transcript (IL4-10 FP versus IL-4+IL-10) to identifying potential signaling

pathways upstream of the differentially regulated genes.

whether the proportion of human neurons expressing both receptors
is comparable to their murine counterparts.

Intrathecal administration of asODN mainly targets sensory
neurons in the DRG (42, 51, 52). Indeed, we did not observe
significant reduction of IL-4Ra in the dorsal horn of the spinal
cord upon such administration. Yet, we cannot rule out that IL-4R
asODN may have reduced IL-4R in cells other than neurons in the
DRG, such as satellite cells or immune cells infiltrating the DRG.
Moreover, glial cells express IL-4R and we previously demonstrated
that the IL4-10 FP inhibited spinal glial activation in a model of
persistent inflammatory pain (19). In vitro, IL4-10 FP also reduced
proinflammatory cytokine release by glial cells, but the effect is
predominantly caused by the IL-10 moiety of IL4-10 FP.

Although we have previously shown that IL4-10 FP can di-
rectly inhibit glial cells (19), we show here that cytokine recep-
tors expressed by sensory neurons are required for full pain
resolution. Importantly, IL4-10 FP inhibits sensory neurons in a
superior fashion in vitro compared to equimolar concentrations
of IL-4 and IL-10. In contrast, the potency of IL4-10 FP to in-
hibit glia is comparable to that of IL-4+IL-10 combined (19). It
remains to be determined whether this difference between reg-
ulation of sensory neurons and glia is due to the relative ex-
pression of cytokine receptors expressed in the specific cells or
the outcome measures assessed in vitro (LPS-induced TNF pro-
duction versus TNF-induced sensitization of TRPV1 response).
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Although the expression of IL-4R and IL-10R in sensory neurons
is required for the effect of IL4-10 FP, our data do not exclude
that a part of the effect of IL4-10 FP is mediated through trig-
gering these receptors on spinal glial cells. ILA-10 FP may also
indirectly inhibit glia by reducing the production and secretion of
molecules by sensory neurons that modulate microglial activation,
such as colony-stimulating factor 1 (CSF-1) or ATP (53-55). In-
terestingly, RNA-seq analysis revealed that IL4-10 FP down-
regulates neuregulin-1, a protein secreted by damaged sensory
neurons to engage spinal cord microglia (56). The property to
inhibit both sensory neurons and glia cells, endows IL4-10 FP with
the unique capability to combat chronic pain at multiple levels:
That is, functional aberrations in sensory neurons and glial cells, in
addition to its effects on the production of proinflammatory
cytokines that trigger pain.

We show here that the fusion of IL-4 and IL-10 into a single
molecule generates a protein with unique properties. We suggest
that the unique properties of IL4-10 FP result from its ability to
cluster different regulatory cytokine receptors in sensory neu-
rons. A fusion protein of the growth factor GM-CSF combined
with common y-chain ILs into a single, bifunctional polypeptide
also clusters different cognate receptors and causes hyperactivation
of downstream JAK-STATs (57-59). Indeed, it is becoming clear
that recruiting receptor chains of cytokine receptors together that are
naturally not clustered induces novel signaling programs and may
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Fig. 7. Role of JAK in the analgesic effect of IL4-10 FP. Female mice with carrageenan-induced persistent inflammatory pain were intrathecally injected
at day 6 with vehicle, 1 pg IL4-10 FP or equimolar dose of IL-4+IL-10. One hour after injections, lumbar DRG were collected. (A) Representative pictures of
pJAK1 staining (red) combined with neuronal marker NeuN (green) and nuclear staining DAPI (blue) in DRG. (Scale bar, 25 pm.) (B) Quantification of pJAK1
staining (n = 6 DRG obtained from three animals per group). (C) Sensory neurons were treated in vitro for 10, 30, or 60 min with I1L4-10 FP (100 ng/mL; light
gray columns), the combination of IL-4 and IL-10 (50 ng/mL each; dark gray columns) or vehicle (black column). Cells were stained for pJAK1 and fluorescence
intensity of individual cells were measured. Data are obtained in four different independent primary neuronal cultures. (D-G) Persistent inflammatory pain
was induced by an intraplantar injection of 20 uL of 2% carrageenan. (D and E) At days 5, 6, and 7 after intraplantar injection, female mice received
Ruxolitinib (JAK1/2 inhibitor; n = 8) or vehicle orally (n = 4). Six days after intraplantar injection, mice received an intrathecal injection of 1 pg IL4-10 FP (n = 8)
or PBS as vehicle (n = 4) and (D) thermal and (E) mechanical sensitivity was followed over time using Hargreaves or Von Frey tests, respectively. Right bar
graphs represent the total analgesic effects of IL4-10 synerkine determined as AUC between 1 and 72 h after intrathecal injection. *P < 0.05 IL4-10: Vehicle
versus IL4-10: Ruxolitinib-treated mice. *P < 0.05 IL4—10: Vehicle versus IL-4+IL-10: Vehicle-treated mice. (F and G) Six days after intraplantar injection of
carrageenan mice received an intrathecal injection of 1 pg IL4-10 FP and (F) thermal and (G) mechanical sensitivity was followed over time using Hargreaves
or Von Frey tests, respectively. To inhibit c-Kit or both c-Kit and PDGFR, mice received respectively intraperitoneal injections of Dasatinib (n = 4), or Masitinib
(n=4) atdays 5, 6, and 7 after intraplantar carrageenan injection. To inhibit MET, mice were orally administered with the MET inhibitor JNJ-38877605 (n = 5)
or vehicle. Bar graphs represent the analgesic effects of IL4—10 FP determined as AUC between 1 and 72 h after intrathecal injection. Significance was tested
by one-way ANOVA followed by Tukey’s multiple comparison test (B, C, F, and G and AUC comparisons panel in D and E). Two-way ANOVA followed by
Sidak’s multiple comparison test was used for course of hyperalgesia in D and E. Data are represented as mean + SEM; *P < 0.05 or #P < 0.05; **P < 0.01 or
#p < 0.01; ***P < 0.001 or **P < 0.001.

IL4-10 FP, we cannot exclude the contribution of other differ-
entially activated kinases. Kinase activity profiling revealed that

affects cellular function differentially than the natural signaling
programs do (41). Our data further extend this concept; IL4-10 FP

clusters of IL-4R and IL-10R in vitro and differentially and uniquely
activates several tyrosine and serine/threonine kinases, with JAK1
signaling being hyperactivated in vitro and in vivo. We hypothesize
that this biased signaling by IL4-10 FP causes the unique tran-
scriptome changes in the DRG associated with pain resolution.
We identified JAK1 activation as a key signaling event re-
quired for the superior effects of IL4-10 FP. Intriguingly, chronic
itch is dependent on neuronal IL-4Ra and JAKI signaling sug-
gesting the IL-4R and JAK1 do play opposing role in itch and
pain regulation (60). Both IL-10 and IL-4 induce JAKI1 phos-
phorylation, though extensive JAK1 signaling is mostly linked to
downstream signaling of IL-4 (reviewed in ref. 61). Despite a
primary role for JAK1 in mediating the analgesic effect of
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IL4-10 FP activates a unique set of kinases, including Kit,
PDGFR, and Met kinases. It will be important to unravel how
these kinases individually, or in concert, contribute to the reso-
lution of persistent inflammatory pain.

In line with its potency to activate a unique set of kinases,
ILA4-10 regulates some genes not affected by the combination
therapy of IL-4+IL-10, as revealed by RNA-seq analysis. Some
of these uniquely down-regulated genes are members of the
neurotrophin signaling family, such as the tropomyosin-related
kinase receptor (TrK) C and Sortilin, both related to pain
modulation (62, 63). Strikingly, the majority of genes up-regulated
by the fusion protein are immune related genes. These genes in-
clude markers of macrophages, such as CD68 and CD11b, and in
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particular also M2 macrophages markers, such as Arginase 1,
Cd200r1, IL-4I1, or Yml. Moreover, the increase in T cell
markers, such as CD3, CD28, CD8, FoxP3, ctla4, and Icos sug-
gest possible infiltration of CD8 regulatory T cells in the DRG.
Indeed, CD8 T cells have a regulatory role in pain, because they
inhibit pain in models of inflammatory, chemotherapy, and nerve
injury-induced pain (10, 64, 65). Thus, it is well possible that
IL4-10 FP promote the release of factors by sensory neurons
that attract immune cells. In agreement herewith, expression of
several chemokines—such as CCL-2, -3, -4, -5, -6, -7, -9, and -19,
and CXCL-1, -2, -9, -10, or -13—were up-regulated in the DRGs
of IL4-10 FP-treated animals. The role of these immune cells in
the analgesic effect of IL4-10 FP remains to be determined.
Recently, a role for myeloid cells in pain regulation has gained
attention (20). The differentiation of macrophages into proin-
flammatory (M1) or regulatory (M2) phenotypes can induce pro-
or antinociceptive effects, respectively. Moreover, depletion of
macrophages in the DRG prevents the resolution of transient
inflammatory pain, indicating that these macrophages contribute
to the resolution of pain (9, 66).

The need for novel therapeutics devoid of undesirable side
effects to treat chronic pain is significant. Current analgesics,
such as opioids and nonsteroidal antiinflammatory drugs, are
notorious because of their limited effectiveness in chronic pain
and their severe side-effects. We here report the molecular
mechanisms of IL4-10 FP, a fusion protein of regulatory cyto-
kines with potent analgesic effects on inflammatory pain, as well
as in models for neuropathic and osteoarthritis pain (10, 19, 49).
Importantly, ILA-10 FP is based on endogenous protein sequences
and has a unique safety profile, being devoid of typical side effects of
current analgesics, such as gastrointestinal bleeding, cardiovascular
events, respiratory suppression, and addiction. The unique mecha-
nism of action of IL4-10 FP results from its ability to cluster non-
natural receptor dimers of IL-4R and IL-10R. We suggest that
heterologous clustering of cytokine receptors by fusion proteins of
regulatory cytokines is a strong concept for developing novel thera-
peutics in chronic pain, and possibly other diseases.

Materials and Methods
All methods are detailed in S/ Appendix and briefly described here.

Animals. All animal experiments were performed in accordance with inter-
national guidelines and with prior approval from the local experimental
animal welfare body and the national Central Authority for Scientific Pro-
cedures on Animals (CCD, AVD115002015323). Experiments were conducted
with 8- to 14-wk-old male and female wild-type C57BL/6 mice (Envigo). To
obtain Nav1.8“¢//10r"* mice, floxed IL-10R mice (67) were crossed with
Na,1.8-Cre mice (68).

Persistent Inflammatory Hyperalgesia and Behavioral Assays. Mice received an
intraplantar injection of 20 uL A-carrageenan (2% [wt/vol]; Sigma-Aldrich)
dissolved in saline (NaCl 0.9%) in both hind paws (19). Heat-withdrawal la-
tency times were determined using the Hargreaves test (IITC Life Science)
(69). Mechanical thresholds were assessed in both hind paws using the Von
Frey test (Stoelting) with the up-and-down method to determine the 50%
threshold (70).

For both Hargreaves and Von Frey tests, values of both paws were av-
eraged. Observers who performed these tests were blind to the mouse
genotype and treatment.

Drugs and Administration. The 1L4-10 FP was produced in HEK293 cells and
purified as described previously (19). Intrathecal injections of different
compounds (5 uL per mouse) were performed as described previously (71)
under light isoflurane/O, anesthesia. The IL4-10 FP (1 pg per mouse) or
equimolar doses of recombinant human IL-4 and IL-10 (Sigma) were injected
intrathecally at day 6 after intraplantar A-carrageenan injection.

IL-4Ra expression in sensory neurons was knocked down by intrathecal
injections of asODN directed against IL-4Ra mRNA (72). This approach has
been shown to successfully inhibit the expression of several proteins in DRG
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neurons (42, 73). Kinase inhibitors were administered for 3 consecutive days
starting 1 d before intrathecal administration of IL4-10 or IL-4+IL-10.

Culture of DRG Neurons. DRGs were cultured as described previously (74). Cells
were seed on poly-L-lysine (0.01 mg/mL; Sigma) and laminin (0.02 mg/mL;
Sigma)-coated glass coverslips in a 5% CO, incubator at 37 °C. Cells were
used the following 1 to 2 d.

For investigation of JAK1 signaling, DRG neurons cultured for 24 h
followed by serum deprivation for 4 h before stimulation with IL4-10 FP
(200 ng/mL) or the combination of IL4 and IL10 (100 ng/mL each, respec-
tively) for 10, 30, or 60 min and then fixed in 4% PFA

Calcium Imaging. DRG neurons used for calcium imaging experiments were
stimulated overnight with TNF (50 ng/mL, Peprotech) with or without the
IL4-10 FP (100 ng/mL; 3 nM), recombinant IL4 and IL10 (50 ng/mL each; 3.3
and 2.9 nm, respectively), and/or receptor blocking antibodies against mouse
IL-4R or IL-10R (2 pg/mL; BD Pharmingen).

Changes in the capsaicin-evoked calcium response were measured by
loading cells with 5 pM Fura-2-AM (Invitrogen). Recordings were performed as
previously described (75), with minor modifications detailed in S/ Appendlix.

Tissue Processing and Immunochemistry. Mice were anesthetized with an
injection of pentobarbital (60 mg/kg, intraperitoneal) and transcardially
perfused with phosphate-buffered saline (PBS) followed by 4% parafor-
maldehyde (PFA) in PBS. Lumbar DRGs and spinal cords (lumbar L3-L5 sec-
tion) were isolated, postfixed in 4% PFA cryoprotected in sucrose, and
embedded and frozen in optimal cutting temperature compound. Details of
the staining can be found in S/ Appendix.

RNA Extraction and Quantitative PCR. Lumbar DRGs were homogenized using
TRIzol (Invitrogen). Total RNA was extracted using the RNeasy Mini Kit
(Qiagen) and 1 pg of total RNA was used to synthesize cDNA. cDNA was
synthesized using SuperScript reverse transcriptase (Invitrogen). RNA con-
centrations were determined using a NanoDrop 2000 (Thermo Scientific).

The real-time PCR using SYBRgreen master mix (Bio-Rad) was performed
on an iQ5 Real-Time PCR Detection System (Bio-Rad). Primers used for gPCR
are listed in S/ Appendix, Table S5 (S Appendix, Supplementary Materials
and Methods). The mRNA expression levels were normalized for GAPDH,
HRPT and actin. Primers details can be found in S/ Appendix.

RNAscope In Situ Hybridization. RNAscope in situ hybridization multiplex v2
was performed as instructed by Advanced Cell Diagnostics on fresh frozen
tissue was cut at 10-uM thickness. Slides were then processed for immuno-
histochemistry with anti-p3-tubulin antibody (ab18207, Abcam; 1:1,000) or
anti-TRPV1 antibody (PA1-29770, Thermofisher; 1:300) overnight at 4 °C.

In Situ PLA. IL-4Ra antibody was labeled to thiol-MINUS-oligo with the dual
cross-linker sulfo-SMCC (ThermoFisher). IL-10Ra antibody was labeled with
biotin using EZ-Link Sulfo-NHS-LC-Biotin SMCC (ThermoFisher). Primary DRG
cultures were treated with I1L4-10 FP (100 ng/mL; 3 nM) or the combination
of IL-4 and IL-10 (50 ng/mL each; 3.3 and 2.9 nM, respectively) for 15 min and
fixed with 4% PFA for 10 min. In situ PLA was performed as described
previously (76), with some modifications and detailed in the S/ Appendix.

Kinase Activity Profiling. Lumbar DRGs were homogenized using M-PER
mammalian Extraction buffer (Pierce) supplemented with phosphatase and
protease inhibitor mixtures (Pierce). Protein concentration was determined using
the Bradford assay (77) (Bio-Rad). Kinase activity profiling was performed using
the Tyrosine Kinase PamChip (PTK) Array and the Serine/Threonine Kinase
PamChip (STK) Array for Pamstation12 (PamGene International).

RNA-Seq. RNA libraries were prepared with the poly(A) selection method
followed by multiplexing and sequencing on the Illlumina NextSeq500 platform
in a 1 x 75-bp single-read and 350 million reads per lane (Utrecht Sequencing
Facility). All samples passed the read quality checks performed using FastQC
(78). The sequencing reads from each sample were aligned to the recent ref-
erence human genome GRCh38 build 79 assembly from Ensembl (Genome
Reference Consortium Mouse Build 38) using the STAR aligner (79, 80).

Statistical Analysis. All data are presented as mean + SEM as indicated in the
figure legends and were analyzed with GraphPad Prism version 8.3.0 using
unpaired two-tailed t tests, one-way or two-way repeated-measures
ANOVA, followed by post hoc analysis. The statistical test used are indicated
in each figure legend. A P value less than 0.05 was considered statistically
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significant, and each significance is indicated with *P < 0.05 or #P < 0.05; **P <
0.01 or #P < 0.01; ***P < 0.001 or **p < 0.001.

Data Availability. The data reported in this paper have been deposited in the
Gene Expression Omnibus (GEO) database, https://www.ncbi.nlm.nih.gov/
geo (accession no. GSE150795) (81).
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