
Neurobiology of Disease

IL4-10 Fusion Protein Is a Novel Drug to Treat Persistent
Inflammatory Pain
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Chronic pain is a major clinical problem that is difficult to treat and requires novel therapies. Although most pain therapies primarily
target neurons, neuroinflammatory processes characterized by spinal cord and dorsal root ganglion production of proinflammatory
cytokines play an important role in persistent pain states and represent potential therapeutic targets. Anti-inflammatory cytokines are
attractive candidates to regulate aberrant neuroinflammatory processes, but the therapeutic potential of these cytokines as stand-alone
drugs is limited. Their optimal function requires concerted actions with other regulatory cytokines, and their relatively small size causes
rapid clearance. To overcome these limitations, we developed a fusion protein of the anti-inflammatory cytokines interleukin 4 (IL4) and
IL10. The IL4-10 fusion protein is a 70 kDa glycosylated dimeric protein that retains the functional activity of both cytokine moieties.
Intrathecal administration of IL4-10 dose-dependently inhibited persistent inflammatory pain in mice: three IL4-10 injections induced
full resolution of inflammatory pain in two different mouse models of persistent inflammatory pain. Both cytokine moieties were
required for optimal effects. The IL4-10 fusion protein was more effective than the individual cytokines or IL4 plus IL10 combination
therapy and also inhibited allodynia in a mouse model of neuropathic pain. Mechanistically, IL4-10 inhibited the activity of glial cells and
reduced spinal cord and dorsal root ganglion cytokine levels without affecting paw inflammation. In conclusion, we developed a novel
fusion protein with improved efficacy to treat pain, compared with wild-type anti-inflammatory cytokines. The IL4-10 fusion protein has
potential as a treatment for persistent inflammatory pain.
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Introduction
Chronic pain is a major clinical problem affecting �20% of the
world population, resulting in severe reduction in the quality of

life [Breivik et al., 2006; Institute of Medicine (US) Committee on
Advancing Pain Research, 2011]. Chronic pain is a major com-
plaint of many patients suffering from chronic inflammatory dis-
eases, including rheumatoid arthritis and inflammatory bowel
disease. In these conditions, pain may even persist after successful
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Significance Statement

The treatment of chronic pain is a major clinical and societal challenge. Current therapies to treat persistent pain states are limited
and often cause major side effects. Therefore, novel analgesic treatments are urgently needed. In search of a novel drug to treat
chronic pain, we developed a fusion protein consisting of two prototypic regulatory cytokines, interleukin 4 (IL4) and IL10. The
work presented in this manuscript shows that this IL4-10 fusion protein overcomes some major therapeutic limitations of pain
treatment with individual cytokines. The IL4-10 fusion protein induces full resolution of persistent inflammatory pain in two
different mouse models. These novel findings are significant, as they highlight the IL4-10 fusion protein as a long-needed potential
new drug to stop persistent pain states.
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treatment of the inflammation (Bielefeldt et al., 2009; Lee et al.,
2011; Lomholt et al., 2013). Current treatments provide modest
pain relief at best, due to lack of effectiveness or because treat-
ment has to be suspended due to severe side effects (Borsook et
al., 2014). Therefore, development of novel therapies is required.

Most chronic pain therapies primarily target neurons or pe-
ripheral inflammation. However, persistent inflammatory pain is
the result of neuronal plasticity characterized by peripheral sen-
sitization of primary sensory neurons and central sensitization in
the spinal dorsal horn that involves local neuroimmune interac-
tions. Persistent pain states have been associated with activation
of glial cells in the spinal cord and dorsal root ganglia (DRGs) in
rodent models for chronic pain (Graeber and Christie, 2012; Ji et
al., 2013). Human data support a role for glial cells in different
chronic pain states (Brisby et al., 1999; Banati et al., 2001; Del
Valle et al., 2009; Shi et al., 2012; Loggia et al., 2015). Activated
glial cells in the dorsal horn of the spinal cord and infiltrating
macrophages or activated satellite glial cells in the DRGs produce
proinflammatory cytokines that sensitize the sensory system
(Ren and Dubner, 2010). Therefore, these neuroinflammatory
pathways, including spinal cord and DRG cytokine production
and glial cell activation, represent potential therapeutic targets
for treating persistent pain states (Ren and Dubner, 2010; Grae-
ber and Christie, 2012; Ji et al., 2013, 2014).

Anti-inflammatory cytokines are attractive candidates to
dampen spinal cord and DRG cytokine production and glial ac-
tivation (Milligan et al., 2005). The mechanism of action of reg-
ulatory anti-inflammatory cytokines, such as interleukin 4 (IL4)
and IL10, differs significantly from that of biologics that inhibit
single (pro)inflammatory mediators [e.g., anti–tumor necrosis
factor (TNF) therapy]. These regulatory cytokines downregulate
inflammatory responses by turning off release and production of
multiple mediators, including cytokines, chemokines, proteases,
and reactive oxygen species. In addition, anti-inflammatory
cytokines shift cells toward an inhibitory/regulatory profile. Im-
portantly, glial cells and sensory neurons respond to anti-
inflammatory cytokines. The regulatory cytokines IL4 and IL10
inhibit glial cell proliferation (Kloss et al., 1997). IL4 skews mi-
croglia toward an M2a regulatory phenotype (Pepe et al., 2014),
and IL10 administration reduces astrocyte activation (Balas-
ingam and Yong, 1996) and strongly reduces lipopolysaccharide
(LPS)-induced cytokine production by microglia (Balasingam
and Yong, 1996; Lodge and Sriram, 1996; Sawada et al., 1999).

Strong evidence exists for a therapeutic potential of IL10 to
inhibit pain, whereas a limited number of studies have shown a
therapeutic potential for IL4 (Cunha et al., 1999; Vale et al., 2003;
Hao et al., 2006; Kwilasz et al., 2015). Nonetheless, the therapeu-
tic potential of the native unmodified anti-inflammatory cyto-
kines as stand-alone drugs is limited. First, the optimal function
of these cytokines requires them to act in concert with other
immunoregulatory cytokines (van Roon et al., 1996, 2001;
Joosten et al., 1997). Second, their relatively small size causes
rapid clearance, thereby reducing their bioavailability.

To overcome these limitations, we designed a novel strategy to
fuse regulatory cytokines into one molecule to promote efficacy
in treating pain by facilitating synergy and bioavailability. We
developed a fusion protein of IL4 and IL10 that combines the
anti-inflammatory actions of the two regulatory cytokines into
one molecule. We demonstrate that the functional activity of
both cytokine moieties was maintained in IL4-10 and that it re-
versed persistent inflammatory pain in mouse models through
the regulation of neuroinflammatory responses in the spinal cord
and DRG.

Materials and Methods
Construction, production, and purification of IL4-10 fusion protein. The
IL4-10 fusion protein was produced by transient transfection of HEK293
cells (tested negative for mycoplasma contamination) with a pUPE-
expression vector containing a cystatin signal sequence and synthetic
cDNA coding for the peptide sequence (U-Protein Express; Durocher et
al., 2002). Glycan capping with sialic acid residues was optimized by
cotransfection with a vector carrying the �-galactoside-�2,3-
sialyltransferase 5 (SIAT9, Homo sapiens) transgene. Cells were cultured
in FreeStyle medium (Invitrogen) with 0.9% primatone and �0.04%
fetal calf serum, total volume 1 L, for 5 d. Supernatant was collected,
concentrated 10-fold (10 kDa QuixStand hollow fiber cartridge; GE
Healthcare), and diafiltrated against PBS, pH 7.4. Precipitates were re-
moved by passing over a glass syringe filter. Supernatant was stored in
aliquots at – 80°C.

Ion exchange chromatography. IL4-10 fusion protein was purified using
cation exchange chromatography (HiTrap SP FF 1 ml column; GE
Healthcare) on an AKTAprime Plus (GE Healthcare). Low-salt buffer
(buffer A) consisted of 10 mM phosphate, pH 6.5. High-salt buffer (buffer
B) consisted of buffer A with 1 M NaCl. Before injection, 50 ml of super-
natant was diluted 1:5 in buffer A. A linear gradient to 100% buffer B (in
20 min; flow rate, 1 ml/min) was used to elute IL4-10 fusion protein. One
milliliter fractions were collected and analyzed for IL4-10 fusion protein
content using IL4 and IL10 ELISA. Fractions containing IL4-10 fusion
protein were pooled, diafiltrated against PBS, pH7.4, and concentrated to
yield a �20 �g/ml IL4-10 fusion protein batch.

Size exclusion chromatography. Molecular weight was determined by
high-performance size exclusion chromatography (SEC) on a high-
performance liquid chromatography system (Shimadzu). Running buf-
fer consisted of 50 mM phosphate, pH 7.0, and 0.5 M NaCl (flow rate, 0.35
ml/min; 35 bar). The column (BioSuite 125, 4 �m ultra-high resolution
SEC; Waters) was calibrated with reference proteins. Fifty microliters of
20 �g/ml (ion exchange chromatography) purified IL4-10 fusion protein
was analyzed. Fractions (175 �l) were collected, and IL4 and IL10 content
were measured with ELISA (in 1:500 dilution). Similar runs with IL4 and
IL10 (Sigma-Aldrich) were performed.

IL4-10 fusion protein detection. IL4 and IL10 content were measured with
ELISA (Pelipair ELISA kits; Sanquin) according to the manufacturer’s in-
structions. Results were compared with those for recombinant IL4 and IL10
provided by the manufacturer.

A cross-ELISA specific for the IL4-10 fusion protein was generated by
modification of the IL4 and IL10 ELISA. Anti-IL4-coated plates were
combined with biotinylated anti-IL10 monoclonal antibody and vice
versa. Antibodies from the IL4 and IL10 Pelipair ELISA (Sanquin)
were used and further performed according to manufacturer’s instruc-
tions. An amount of IL4-10 fusion protein equivalent to 75 pg/ml recom-
binant IL10 and IL4-10 was tested. As there is no standard for this assay,
results are given as optical density at 450 nm.

SDS-PAGE and Western blotting. Samples were diluted 1:1 in sample
buffer (Tris-HCl, pH 6.8, 25% glycerol, 2% SDS, 0.01% bromophenol
blue; Bio-Rad) containing 100 mM DL-dithiotreitol (Sigma-Aldrich), in-
cubated 10 min at 100°C, and loaded on a 12% polyacrylamide gel (Mini-
PROTEAN-TGX; Bio-Rad). Markers (WesternC Standard, 250 –10 kDa;
Bio-Rad) were run in a separate lane. Electrophoresis was performed at
150 V for 1 h under reducing conditions (Tris/glycine/SDS buffer; Bio-
Rad). After electrophoresis, proteins were transferred (100 V, 1 h) to a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad). Thereafter, the
PVDF membrane was incubated in PBS 0.1% Tween-20 (Merck) con-
taining 4% milk powder (Elk; Campina). The membrane was incubated
with mIgG1 anti-human IL4 or mIgG1 anti-human IL10 (Santa Cruz
Biotechnology), followed by horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG (Santa Cruz Biotechnology) and WesternC-marker-
detecting antibody (StrepTactin-HRP; Bio-Rad). Some experiments re-
quired deglycosylation of IL4-10 fusion protein before electrophoresis by
PNGaseF (Sigma-Aldrich), according to manufacturer’s instructions.

Animals. All animal experiments were performed in accordance with
international guidelines and with prior approval from the University
Medical Center Utrecht experimental animal committee. Before ethical
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permissions approval, power calculations were performed to determine
the sample size to detect a minimal predefined effect size. All animals
were allocated to a group before the start of any measurements or treat-
ment. Experiments were conducted using both male and female C57BL/6
mice aged 8 –12 weeks. Observers performing behavioral experiments
were blinded to treatment.

Persistent inflammatory pain and assessment of hypersensitivity. Carra-
geenan (2%, 20 �l; Sigma-Aldrich) was injected in both hindpaws to
induce persistent inflammatory pain. Twenty microliters of complete
Freund’s adjuvant [CFA; 1 mg of Mycobacterium tuberculosis (H37Ra,
ATCC 25177), heat killed and dried, 0.85 ml paraffin oil, and 0.15 ml
mannide monooleate; Sigma-Aldrich] was injected in one hindpaw to
induce persistent inflammatory pain, while the other paw received 20 �l
of vehicle (saline). Heat withdrawal latency times were determined using
the Hargreaves test (IITC Life Science) as described previously (Har-
greaves et al., 1988). Mechanical hypersensitivity was measured using
von Frey hairs (Stoelting), and the 50% paw-withdrawal threshold was
calculated using the up-and-down method (Chaplan et al., 1994).

The IL4-10 fusion protein and recombinant human IL4 and IL10 were
produced in HEK293 cells (Sigma-Aldrich) and injected intrathecally
(Eijkelkamp et al., 2013). Each mouse received 5 �l, and concentration was
adjusted to the appropriate dosing. Receptor-blocking antibodies against
mouse IL4 receptor and IL10 receptor (BD PharMingen) were administered
together with the IL4-10 fusion protein at a dose of 6 �g per mouse.

Paw thickness was measured using a Digimatic micrometer
(Mitutoyo).

Spared nerve injury surgery was performed as described previously
(Willemen et al., 2012; Zhou et al., 2015). Briefly, the sural common
peroneal and tibial branches of the left sciatic nerve were exposed under
isoflurane anesthesia. The tibial and common peroneal nerves were tran-
sected, while the sural nerve was kept intact. IL4-10 was injected intra-
thecal at days 6 and 7 after transection, and pain behaviors were
measured 3 and 6 h after administration.

To assess motor function, mice were individually placed in a clean cage
identical to the home cage but without bedding and were permitted to
freely explore the whole cage for 10 min. A new cage was used for each
mouse. The cage was divided virtually into four quadrants. Locomotor
activity was quantified by counting the number of quadrant entries dur-
ing the last 5 min. The number of full rears also was counted during the
same time interval. Scoring was conducted by a well-trained observer
who was blind to treatments.

Immunohistochemistry. Spinal cords and DRGs were excised from
mice perfused with 4% paraformaldehyde in PBS. Tissues were postfixed,
cryoprotected in sucrose, embedded in optimal cutting temperature
compound, and frozen at – 80°C. Frozen sections of DRGs and spinal
cord (lumbar L3–L5 section) were stained with rabbit anti-Iba1 (1:1000;
catalog #019-19741, Wako Pure Chemical Industries) or mouse anti-glial
fibrillary acidic protein (GFAP; catalog #bm2287, Acris) or rabbit-anti-

Figure 1. Molecular and functional characterization of the IL4-10 fusion protein. a, Schematic overview of the IL4-10 fusion protein and its amino acid sequence. The linker sequence is indicated
in italic, and potential N-linked glycosylation sites are indicated in bold. b, c, Supernatant of HEK293 cells expressing IL4-10 fusion protein was tested in sandwich ELISAs for IL4 (b) and IL10 (c) and
compared with the wild-type cytokines. d, e, A cross-ELISA with anti-IL4 as a capture antibody and biotinylated anti-IL10 as a detecting antibody (d) and vice versa (capture, anti-IL10; detection,
anti-IL4; e) indicated presence of the IL4-10 fusion protein. Recombinant IL10 was used as a negative control. f, g, Western blot analysis of untreated and deglycosylated purified supernatants
containing IL4-10 fusion protein was detected with (f ) anti-IL4 or (g) anti-IL10. Untreated IL4-10 fusion protein contains both IL4 and IL10 and migrates as a double band (lane 2). Upon
deglycosylation with pNGaseF, the IL4-10 fusion protein migrated as one band with a molecular weight of 34 kDa (lane 3). h, The molecular weights of IL4-10 fusion protein, IL4, and IL10 were
estimated based on the retention time of standard proteins (positions by dotted gray lines) in a size-exclusion chromatography. IL4 eluted as a monomer (�15 kDa), whereas the molecular size of
IL10 (�36 kDa) and the IL4-10 fusion protein (�70 kDa) were consistent with a dimer. Data are expressed as mean and SEM.
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GFAP (catalog #04-1062, Millipore) followed by Alexa Fluor 488-
conjugated or 594-conjugated secondary donkey antibodies (Invitrogen).
Photographs were taken with a Zeiss Axio Observer microscope using
identical exposure times for all slides. Iba1- and GFAP-positive areas
were analyzed with the NIH ImageJ program using identical thresholds
to identify area positive for staining. At least three slides per animals were
analyzed in a blinded fashion.

Primary spinal microglia and astrocyte culture. Microglia were isolated
from spinal cords using enzymatic digestion with papain (Worthington
Biochemical) as described previously (Yip et al., 2009). Adult spinal cord
astrocytes were isolated using enzymatic digestion with papain followed
by OptiPrep (Accurate Chemical) gradient as described previously (Ker-
stetter and Miller, 2012). Neonatal spinal cord astrocytes were isolated
using 0.25% trypsin, as described previously (Nijboer et al., 2013). Cells
were cultured in a poly-L-lysine-coated 96-well plate in DMEM supple-
mented with 10% fetal calf serum (Invitrogen).

LPS (Sigma-Aldrich) was added to the culture medium at 100 ng/ml
for astrocytes and 1 �g/ml for microglia in combination with human
IL4-10 fusion protein or controls recombinant human IL4 and IL10
(Sigma-Aldrich). Receptor-blocking antibodies against mouse IL4 re-
ceptor or IL10 receptor (both BD PharMingen) were added at 2 �g/ml.
After 18 h of incubation at 37°C, supernatant was collected and stored at
– 80°C. Glutamate uptake by spinal astrocytes was measured by incubat-
ing astrocytes in HBSS supplemented with 5 mM HEPES for 15 min at
37°C. Uptake was started by adding 0.33 �Ci/ml of L-glutamate (GE
Healthcare) mixed with unlabeled L-glutamate to a final concentration of
100 �M (Sawada et al., 1999). After incubation of 0, 3, and 10 min at 37°C,
uptake was terminated by two washes with ice-cold HBSS, immediately
followed by cell lysis with 0.1N NaOH/0.01% SDS for 15 min on ice.

mRNA isolation and real-time PCR. Whole lumbar DRGs and spinal cords
(L3–L5) were homogenized in Trizol (Invitrogen). Total RNA was isolated
with an RNeasy Mini Kit (Qiagen) and reverse transcribed using an iScript
Select cDNA Synthesis Kit (Invitrogen). Real-time quantitative PCR was
performed with an iQ SYBR Green Supermix (Invitrogen). Primer pairs
used were as follows: IL1�, CAACCAACAAGTGATATTCTCCATG (for-
ward), GATCCACACTCTCCAGCTGCA (reverse); TNF�, GCGGTGC
CTATGTCTCAG (forward), GCCATTTGGGAACTTCTCATC (reverse);
CCL2, GGTCCCTGTCATGCTTCTG (forward),CATCTTGCTGGT
GAATGAGTAG (reverse); BDNF, CACATTACCTTCCAGCATCTGTTG
(forward), ACCATAGTAAGGAAAAGGATGGTCAT (reverse); IL6,
TCTAATTCATATCTTCAACCAAGAGG (forward), TGGTCCTTAGC
CACTCCTTC(reverse); COX2, GGTCTGGTGCCTGGTCTG (forward),

CTCTCCTATGAGTATGAGTCTGC (reverse); CCR2, ACCTGTAAAT
GCCATGCAAGT (forward), TGTCTTCCATTTCCTTTGATTTG (re-
verse); CX3CR1, TGTCCACCTCCTTCCCTGAA (forward), TCGCCCA
AATAACAGGCC (reverse); keratinocyte chemoattractant (KC), AAA
AGGTGTCCCCAAGTAACG (forward), GTCAGAAGCCAGCGTT
CAC (reverse); TGF�1, CAGAGCTGCGCTTGCAGAG (forward), GT-
CAGCAGCCGGTTACCAAG (reverse); GAPDH, TGCGA CTTCA
ACAGC AACTC (forward), CTTGC TCAGT GTCCT TGCTG (reverse);
hypoxanthine guanine phosphoribosyl transferase, TCCTCCTCAGAC-
CGCTTTT (forward), CCTGGTTCATCATCGCTAATC (reverse); �-
actin, AGAGGGAAATCGTGCGTGAC (forward), CAATAGTGATGA
CCTGGCCGT (reverse). Expression was normalized against GAPDH and
hypoxanthine guanine phosphoribosyl transferase (spinal cords and DRGs)
or GAPDH and �-actin (hindpaws).

Cytokine assessments. Supernatants were analyzed for TNF� by ELISA.
Mouse TNF� production was measured using ELISA kits (mouse, TNFa
DuoSet ELISA Kit; R & D Systems), according to manufacturer’s instruc-
tions and using the standards provided.

Statistical analysis. For all measurements, data are expressed as
mean � SEM. Investigators performing the behavioral assays or assessing
outcomes were blinded to treatment. Data were analyzed for statistical
significance by one-way or two-way ANOVA with Bonferroni posttests
where appropriate. A p value of �0.05 was considered significant.

Results
IL4-10 fusion protein characteristics
Human IL4-10 fusion protein was produced by transient trans-
fection of HEK293 cells (Durocher et al., 2002) and cotransfected
with �-galactoside-�2,3-sialyltransferase to optimize glycan-
capping with sialic acid (Fig. 1a). In the supernatant of HEK293
cells expressing IL4-10 fusion protein, both IL4 and IL10 were
detected (Fig. 1b– e). Wild-type (wt) IL4 and wt IL10 migrated
with a molecular mass of �15 kDa on SDS-PAGE gels, whereas
IL4-10 migrated as two protein bands with a molecular mass of
�30 –35 kDa that was detected by anti-IL4 and anti-IL10 (Fig.
1f,g). The two bands represent glycoforms of IL4-10 fusion pro-
tein as they migrated as one band upon deglycosylation of the
supernatant with PNGaseF (Fig. 1f,g). IL4-10 fusion protein was
purified by cation exchange chromatography and analyzed by
high-pressure size-exclusion chromatography. Wild-type IL4
eluted as a monomer with an apparent mass of �15 kDa, and wt
IL10 as a dimer of �40 kDa, consistent with the notion that the
active form of wt IL10 is a noncovalently linked dimer. IL4-10
fusion protein predominantly eluted with an apparent mass of
�70 kDa, consistent with a noncovalently linked dimer (Fig. 1h).

IL4-10 fusion protein inhibits persistent inflammatory pain
The potential of IL4-10 fusion protein to inhibit persistent hyper-
algesia was evaluated in the well-established murine model of
carrageenan-induced persistent inflammatory pain (Ren and
Dubner, 1999; Clapper et al., 2010; Eijkelkamp et al., 2010; Wil-
lemen et al., 2012). Intrathecal injection of 40 ng IL4-10 fusion
protein during persistent inflammatory pain significantly inhib-
ited mechanical and thermal hyperalgesia during the first 24 h
after administration. Increasing the dose of IL4-10 fusion protein
increased the magnitude and duration of inhibition of persistent
inflammatory hyperalgesia. At a dose of 200 ng, IL4-10 inhibited
persistent inflammatory hyperalgesia for at least 2 (mechanical)
to 4 (thermal) days (Fig. 2a,b). Intrathecal IL4-10 injection did
not affect baseline thermal thresholds (vehicle, 7.9 � 0.2 s; IL4-10
fusion protein, 8.3 � 0.2 s, n � 10, 24 h after injection) or me-
chanical thresholds (vehicle, 0.51 � 0.08; IL4-10 fusion protein,
0.67 � 0.07, n � 6, 24 h after injection). Injection of 100 ng
IL4-10 into the inflamed paw, a dose that effectively inhibited
persistent hyperalgesia when injected intrathecally, did not affect

4

Figure 2. IL4-10 suppresses persistent inflammatory pain. Inflammatory pain was induced
by an intraplantar injection of 20 �l of 2% carrageenan in mice. a– c, e–i, Thermal sensitivity
was measured over time using the Hargreaves (HG) test (a, f, h), and mechanical hypersensi-
tivity was measured using the von Frey (vF) test (b, c, e, g, i). a, b, Six days after intraplantar
injection, mice received intrathecal injections of different concentrations of IL4-10 fusion pro-
tein (n � 6, 14, 6, and 12 for 0, 40, 100, and 200 ng, respectively). c, Six days after intraplantar
injection, mice received an intraplantar injection of the IL4-10 fusion protein in one paw or
vehicle in the other (n � 10), and mechanical hyper sensitivity followed. d, The inflamed
hindpaws were collected 2 d later and analyzed for mRNA expression for TNF�, IL1�, and KC
and were normalized for GAPDH and �-actin. e, Mice were exposed to an unilateral spared
nerve injury (SNI), and mechanical sensitivity was analyzed. IL4-10 fusion protein was intrathe-
cally injected (gray square) at days 6 and 7 after SNI (n � 4). f, g, The effectiveness of the IL4-10
fusion protein (100 ng/mouse) to block inflammatory pain after intrathecal administration was
compared with IL4 or IL10 alone (50 ng/mouse) and IL4 and IL10 (50 � 50 ng/mouse) com-
bined (HG, n � 16; vF, n � 8 per group). The IL4-10 fusion protein blocks inflammatory pain
more efficiently compared to the individual cytokines or the combination of IL4 and IL10. As-
terisks mark statistical differences compared to vehicle-treated animals. h, i, The inhibitory
effect of the IL4-10 fusion protein (100 ng/mouse) on inflammatory pain was attenuated in
presence of receptor-blocking antibodies (6 �g/mouse) against the IL4 receptor (�IL4R) and
the IL10 receptor (�IL10R), demonstrating functional activity of both cytokine moieties and the
requirement of both moieties for optimal effect (n � 8). Right, Area under curve (�AUC) for the
percentage of inhibition between 1 and 48 h after intrathecal injection. Asterisks mark statisti-
cal differences compared to vehicle-treated mice (a– d) or control IgG (e–f). *p � 0.05; **p �
0.01; ***p � 0.001.
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Figure 3. IL4-10 fusion protein inhibits neuroinflammation in spinal cord and dorsal root ganglia. a, IL4-10 fusion protein dose-dependently inhibited LPS-induced (1 �g/ml) TNF� release by
microglia (n � 17). b, Requirement of the cytokine moieties of the IL4-10 fusion protein on LPS-induced TNF� release by spinal cord microglia (n � 10) was tested by adding receptor-blocking
antibodies (2 �g/ml) against the IL4 receptor (�IL4R), the IL10 receptor (�IL10R), or both. c, IL4-10 fusion protein dose-dependently inhibited LPS-induced (100 ng/ml) TNF� release by spinal
astrocytes (n � 6 –17 per condition). d, IL4-10 fusion protein did not affect glutamate uptake by spinal cord astrocytes nor prevent the LPS-induced reduction (Figure legend continues.)
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persistent inflammatory hyperalgesia (Fig. 2c). In contrast, ex-
pression of TNF� and KC (CXCL1) but not IL1� in the inflamed
paw was reduced 48 h after intraplantar IL4-10 injection (Fig.
2d). These data indicate that intrathecal injections that target
spinal cord and DRGs are required to inhibit persistent inflam-
matory pain.

To test whether IL4-10 fusion protein is also efficacious in a
murine model of persistent neuropathic pain, we assessed its ef-
fect in the spared nerve injury model. Intrathecal administration
of the IL4-10 fusion protein completely but transiently restored
mechanical thresholds to control levels (Fig. 2e). IL4-10 did not
affect the mechanical threshold in the unaffected contralateral
paw (Fig. 2e).

To determine whether IL4-10 fusion protein has increased
efficacy in inhibiting persistent inflammatory pain as compared
with the native cytokines, we compared it with native cytokines
either as stand-alone or combination therapy. Intrathecal admin-
istration of IL4 or IL10 alone had a statistically significant but
small transient inhibitory effect on persistent hyperalgesia (Fig.
2f,g). An equimolar dose of IL4-10 was significantly more potent
in inhibiting persistent inflammatory hyperalgesia, compared
with IL4 or IL10 alone. In addition, the IL4-10 fusion protein was
still more effective in treating pain than a double concentration of
IL4 plus IL10 (data not shown). The combination of IL4 and IL10
partially inhibited persistent hyperalgesia and had a larger effect
than the stand-alone cytokines, indicating a synergistic or addi-
tive effect of the two regulatory cytokines in inhibiting persistent
pain (Fig. 2f,g). However, the fusion protein IL4-10 completely
inhibited persistent inflammatory hyperalgesia for at least 2 d,
whereas the combination of IL4 and IL10 only partially inhibited
this hyperalgesia (�45%), and for a much shorter period of time
(�1 d), indicating that IL4-10 has superior efficacy over IL4 and
IL10 combination therapy. Coinjection of the fusion protein
IL4-10 with antibodies blocking either IL10 or IL4 receptor anti-
bodies reduced the beneficial effect of IL4-10 on persistent pain
(Fig. 2h,i), indicating that both cytokine moieties of IL4-10 are
required for maximal efficacy.

IL4-10 fusion protein inhibits neuroinflammation
Rodent models for chronic pain and human data support a role
for glial cells in different chronic pain states (Brisby et al., 1999;

Banati et al., 2001; Del Valle et al., 2009; Graeber and Christie,
2012; Shi et al., 2012; Ji et al., 2013; Loggia et al., 2015). Activated
glial cells in the dorsal horn of the spinal cord and infiltrating
macrophages or activated satellite glial cells in the DRG pro-
duce proinflammatory cytokines that sensitize the sensory
system (Ren and Dubner, 2010). IL4-10 fusion protein dose-
dependently inhibited LPS-induced TNF� release by isolated pri-
mary spinal cord microglia (Fig. 3a). IL4-10 was equally efficient
compared to IL10 alone or IL10 and IL4 combined. IL4 only
moderately inhibited LPS-induced TNF� production by spinal
microglia. In spinal microglia, inhibition of LPS-induced TNF�
release by IL4-10 was completely reversed by a blocking antibody
against the IL10R, but not by blocking the IL4R (Fig. 3b). Com-
bining IL4 and IL10 receptor-blocking antibodies did not further
prevent the inhibitory effect of IL4-10 compared with only
IL10R-blocking antibodies, indicating that IL4-10-mediated in-
hibition of microglial activity mainly depended on the IL10 moi-
ety (Fig. 3b). Spinal cord astrocytes also produced TNF� after
LPS stimulation that was dose-dependently inhibited by IL4-10
fusion protein (Fig. 3c). IL4-10 inhibited TNF� release to a sim-
ilar extent as IL10 or IL4 and IL10 combined (Fig. 3c), whereas
IL4 only moderately reduced this release.

Impaired astrocyte glutamate transporter function leads to
excessive glutamate receptor stimulation and is implicated in
pathological pain states (Nie and Weng, 2010; Weng et al., 2014;
Yan et al., 2014). LPS reduced glutamate uptake by primary spi-
nal astrocytes, but this was not affected by IL4-10 (Fig. 3d). Thus,
IL4-10 effectively attenuated inflammatory responses of glial cells
without affecting their capacity to take up glutamate. In astro-
cytes, the IL10 receptor-blocking antibody partially reduced the
inhibitory effect of IL4-10 on LPS-induced TNF� release. Block-
ing IL4R was insufficient to attenuate the inhibitory effect of
IL4-10, but blocking both IL4 and IL10 receptors prevented IL4-
10-mediated inhibition to a greater extent, versus blocking the
IL10R alone (Fig. 3e). Thus, inhibition of astrocytes by IL4-10 is
dependent on the biological activity of both cytokine moieties.

To define whether inhibition of persistent inflammatory pain
is also associated with a reduction in glial cell activation in vivo,
Iba1 and GFAP expression were quantified as measures of micro-
glia and astrocyte/satellite cell activation in spinal cord or satellite
glial cell and macrophage activation in the DRG (Ji et al., 2013).
Carrageenan-induced persistent inflammation increased Iba1
mRNA expression (Fig. 3f) and the Iba1-positive area (Fig. 3g,i)
in the spinal cord. Importantly, intrathecal IL4-10 treatment at-
tenuated the carrageenan-induced increase in spinal cord Iba1
mRNA expression (Fig. 3f) and the Iba1-positive area in the dor-
sal horn of the spinal cord (Fig. 3g,i). Iba1 mRNA expression or
Iba1-positive area in the DRG was not affected after intraplantar
carrageenan injection or IL4-10 treatment (Fig. 3k,l). GFAP ex-
pression in the dorsal horn of the spinal cord and DRG was
increased after intraplantar carrageenan injection at the level of
mRNA (Fig. 3f,k) and the GFAP-positive area (h,j,m,n). IL4-10
potently reduced GFAP expression in both spinal cord (Fig.
3f,h,j) and DRG (Fig. 3k,m,n).

We verified whether the inhibition of glial cell activity in spi-
nal cord and DRG was associated with reduced cytokine expres-
sion. IL4-10 fusion protein attenuated carrageenan-induced
mRNA for TNF�, CCL2, and BDNF in the DRG (Fig. 3o). In the
spinal cord, IL4-10 inhibited the carrageenan-induced expres-
sion of IL1�, TNF�, and CCL2 (Fig. 3p). These data indicate that
IL4-10 fusion protein inhibits inflammatory response in the spi-
nal cord and DRGs during persistent inflammatory pain.

4

(Figure legend continued.) in glutamate uptake (n � 9). e, Requirement of the cytokine
moieties to inhibit LPS-induced TNF� release by spinal astrocytes (n � 8). f–p, Persistent
inflammatory pain was induced by an intraplantar injection of carrageenan (20 �l, 2%), and 6 d
later mice were treated intrathecally with vehicle (PBS) or fusion protein (100 ng/mouse). One
day after fusion protein application, glial cell activation in the spinal cord (f–j) and dorsal root
ganglia (k–n) was assessed by analyses of spinal cord mRNA encoding for Iba1 (microglia) and
GFAP (astrocytes; f). Data are expressed as fold induction compared to the saline-treated groups
(n � 10). g–j, One day after fusion protein application, the extent of glial cell activation was
quantified by determining the Iba1-positive (g) and GFAP-positive (h) areas in the dorsal horn
of the lumbar spinal cord for, respectively, microglia/macrophages and astrocytes (no carra-
geenan, n � 3/group; carrageenan, n � 7). Exemplar images of the Iba1 (i) and GFAP (j)
staining quantified in g and h. k, Fold induction of mRNA for Iba1 and GFAP in the DRGs
compared to the saline-treated groups (without carrageenan). i–m, Quantification of the Iba1-
positive (l) and GFAP-positive (m) areas in the DRGs. n, Exemplar images of GFAP expression in
the DRGs quantified in m. o, p, Mice received intraplantar injection of carrageenan or saline, and
6 d later mice were treated with either PBS or IL4-10 fusion protein (100 ng/mouse, n � 10 per
group). Lumbar DRGs (o), lumbar spinal cords ( p), and inflamed hindpaws (q) were collected
1 d later and analyzed for mRNA expression for several cytokines, chemokines, growth factors,
and/or chemokine receptors and normalized for GAPDH and �-actin or hypoxanthine guanine
phosphoribosyl transferase. Data are expressed as fold induction compared with the saline-
treated groups. All data are expressed as mean � SEM. *p � 0.05; **p � 0.01; ***p � 0.001.
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Figure 4. Repeated IL4-10 fusion protein injections completely resolves inflammatory pain. a– d, Inflammatory pain was induced by an intraplantar injection of 20 �l, 2% carrageenan (a, b) or
a unilateral injection of 20 �l CFA in mice (c, d), and thermal sensitivity (a, c) and mechanical hypersensitivity (b, d) followed over time. At 6, 8, and 10 d (carrageenan, n � 8) or 7, 9, and 11 d (CFA,
n � 5) after intraplantar injection, mice received intrathecal injections of IL4-10 fusion protein (100 ng) or vehicle (veh). e, f, Paw edema in CFA-injected and vehicle-injected hindpaws was
measured using a digital micrometer 5 weeks after intraplantar injection (e) and subsequently collected and analyzed for mRNA expression (f) for TNF� and IL1� and normalized for GAPDH and
�-actin. g, To assess whether multiple injections of IL4-10 fusion protein affect motor behavior, mice were assessed in an open field after three intrathecal injections, and the number of crossing and
rearing were counted in a 5 min interval. *p � 0.05; **p � 0.01; ***p � 0.001 (vs vehicle-treated mice).
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To verify whether IL4-10 fusion protein treatment affected the
local inflammatory response in the hindpaw, we performed
qPCR on paw tissue 24 h after intrathecal IL4-10 treatment.
Carrageenan-induced expression of IL1�, TNF�, IL6, CCL2,
COX2, and the chemokine receptors CX3CR1 and CCR2, which
are highly expressed on macrophages, were not affected by intra-
thecal administration of IL4-10 fusion protein (Fig. 3q). These
data show that IL4-10 fusion protein inhibits spinal/DRG neuro-
inflammation and inflammatory pain without modifying the pe-
ripheral inflammatory response.

Multiple IL4-10 fusion protein administration induces full
resolution of inflammatory pain
To further evaluate the therapeutic potential of the IL4-10 fusion
protein, we tested whether multiple intrathecal injections with
IL4-10 induced full resolution of inflammatory pain in two dif-
ferent models of persistent inflammatory pain. Three intrathecal
injections of the IL4-10 fusion protein every other day completely
reversed carrageenan-induced hyperalgesia, which persists for
weeks without treatment. No hyperalgesia was observed for the
complete observation period of 2 weeks after the first IL4-10
treatment (Fig. 4a,b).

A comparable effect of the IL4-10 fusion protein was observed
in another well-established persistent inflammatory pain model,
i.e., mice receiving an intraplantar injection of CFA (Ren and
Dubner, 1999). Intrathecal injection of IL4-10 fusion protein 7, 9,
and 11 d after the intraplantar CFA injection completely and
persistently resolved the inflammatory thermal and mechanical
hyperalgesia (Fig. 4c,d), whereas the inflammatory response in
the affected paw was unaltered (Fig. 4e,f). Notably, the multiple
intrathecal injections of the human IL4-10 fusion protein did not
induce detectable antibodies against IL4-10 fusion protein, as
examined 3 weeks after the last intrathecal injections (data not
shown). Multiple intrathecal injections of IL4-10 fusion protein
or vehicle did not affect spontaneous locomotor activity (Fig. 4g).
Overall, these data illustrate the potential of the IL4-10 fusion
protein to fully resolve persistent inflammatory pain.

Discussion
Here, we describe a new approach to treat persistent inflamma-
tory pain using a fusion protein of the regulatory cytokines IL4
and IL10. We found that three intrathecal doses of this IL4-IL10
fusion protein completely resolved persistent inflammatory
pain in two mouse models and inhibited neuroinflammatory re-
sponse in the dorsal root ganglia and spinal cord, without affect-
ing paw inflammation. The IL4-10 fusion protein also
inhibited neuropathic pain. Biochemical and functional char-
acterization of the IL4-10 fusion protein revealed that the full
biological activity of its two cytokine moieties are retained, as
assessed in vitro and in vivo.

Thus far, there is very limited evidence for sustained ther-
apeutic effects of intrathecal administration of cytokines like
IL10 (Dengler et al., 2014). Here, we show that the IL4-10
fusion protein overcomes this limitation. The efficacy of
IL4-10 to reverse persistent inflammatory pain was superior in
duration and in magnitude compared with the individual cy-
tokines or even the combination of free IL4 and free IL10.
Three intrathecal injections of IL4-10 fully and permanently
reversed persistent inflammatory hyperalgesia in two models
without affecting inflammatory response in the hindpaws.

The IL4-10 fusion protein has multiple advantages over indi-
vidual cytokines to treat pain. IL4 and IL10 act through different
mechanisms: IL4 primarily increases degradation of proinflam-

matory cytokine mRNA, whereas IL10 primarily inhibits tran-
scription (Wang et al., 1995). These complementary mechanisms
of action explain why IL4 and IL10 can act synergistically (van
Roon et al., 1996, 2001; Joosten et al., 1997). Indeed, in vivo,
combination therapy with IL4 and IL10 was more effective than
treatment with the individual cytokines in attenuating persistent
inflammatory pain, suggesting additive or synergistic activities.
Consistently, maximal efficacy to reduce pain with IL4-10 re-
quired the activity of both cytokine moieties; blocking antibodies
against either the IL4 or the IL10 receptor reduced the beneficial
effects of the IL4-IL10 fusion protein.

Incorporation of the two cytokines into one fusion protein in-
creases the molecular size without impairing the tendency of the
IL10 moiety to dimerize. Because of its larger molecular size, the
IL4-10 fusion protein likely has a better bioavailability than the sep-
arate cytokines. It is likely that increased bioavailability contributes
to the increased efficacy of the fusion protein versus the mixture of
free IL4 and IL10 in reducing pain. Thus, the strategy of incorporat-
ing IL4 and IL10 into one protein overcomes some of the limitations
associated with the use of IL4 and IL10 as stand-alone therapies.
Moreover, by using the cytokine fusion approach, we avoid prob-
lems linked to viral gene therapy and the nonviral transduction vec-
tors used to induce prolonged production of native cytokines
(Cunha et al., 1999; Vale et al., 2003; Milligan et al., 2005; Hao et al.,
2006; Soderquist et al., 2010; Dengler et al., 2014). In addition, direct
protein administration intrathecally is advantageous over viral ther-
apy because it is effective immediately and avoids potential un-
wanted systemic effects.

Chronic pain in inflammatory diseases, such as rheumatoid
arthritis, is frequently disconnected from peripheral inflamma-
tion. For example, disease-modifying antirheumatic drugs re-
duce disease activity, yet a large proportion of patients continue
to report moderate to severe pain (Kojima et al., 2009; American
College of Rheumatology Pain Management Task Force, 2010).
We here report that single or multiple injections of the IL4-10
fusion protein into the spinal compartment inhibited persistent
pain without affecting the local peripheral inflammatory re-
sponse that induced the pain. Conversely, intraplantar injection
of IL4-10 into the inflamed hindpaw reduced inflammatory re-
sponses, but without affecting the ongoing hyperalgesia. These
are important findings because they highlight that persistent pain
induced by peripheral inflammation can continue independently
of ongoing peripheral inflammation. More than 60% of patients
with rheumatoid arthritis report unacceptable pain levels, indi-
cating the pain is insufficiently controlled by the antirheumatic
drugs and antipain medications these patient take. Interestingly,
even when the response rates to the antirheumatic drug on the
basis of European League Against Rheumatism criteria is good,
patients can still complain of pain (Taylor et al., 2010). In these
situations, targeting the inflammation in the CNS rather than in
the joints may contribute to resolution of pain, because it directly
targets pathological pain at the core of its driving mechanism.

We showed that both cytokine moieties of the IL4-10 fusion
protein contribute to optimal pain inhibition in vivo. In vitro
experiments revealed that the effect of the fusion protein on pri-
mary cultures of spinal cord microglia is mainly mediated via the
IL10 moiety, whereas optimal inhibition of cytokine production
by spinal astrocytes requires both cytokine moieties. Probably
some effects of IL4-10 in vivo are mediated via cells other than
glial cells. For example, immune cells that migrate to DRG and
contribute to persistent pain states are strongly regulated by both
IL4 and IL10 (Willemen et al., 2014; Kiguchi et al., 2015; Massier
et al., 2015; Sorge et al., 2015). Other studies have shown that IL10
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controls sensory neuron activity, and IL4-deficient mice show
enhanced spinal neuron excitability (Shen et al., 2013; Lemmer et
al., 2015). Thus, IL4-10 could have its effect through neurons, in
addition to its inhibitory effects on glial cells. The potential neu-
ronal effects of IL4-10 are currently the subject of future studies.

In conclusion, we have developed a novel neuroimmune reg-
ulatory drug consisting of IL4 and IL10 that overcomes some of
the limitations of IL4 and IL10 as stand-alone therapies. Its re-
markable potency in inhibiting inflammatory pain in multiple
models supports the potential of the IL4-10 fusion protein for the
treatment of pain and possibly other symptoms of chronic in-
flammatory disease in humans.
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