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Introduction
IL-4 is an antiinflammatory cytokine acting as a pleiotropic regulator of  numerous immune and inflam-
matory processes. It is typically secreted by T helper 2 lymphocytes, mast cells, eosinophils, and baso-
phils and plays a protective role in neurological disorders (e.g., multiple sclerosis, spinal cord injury). 
The beneficial actions of  IL-4 are considered to result from the inhibition of  the production and release 
of  proinflammatory cytokines, chemokines, proteases, and reactive oxygen species (1, 2). Earlier stud-
ies reported analgesic actions of  IL-4 to be mediated by dampening the proinflammatory cytokine 
response in animal models (3–5). Importantly, pathological pain, such as pain resulting from nerve 
injury, is associated with neuroinflammation, as immune cells, including macrophages, accumulate at 
the damaged nerves. Current research predominately focuses on the contribution of  these cells to pain 
pathogenesis (6–8). However, macrophages are functionally diverse and comprise various subtypes, 
including classically activated proinflammatory M1 and alternatively activated antiinflammatory M2 
populations. M1 macrophages are induced by proinflammatory cytokines and bacterial lipopolysaccha-
rides and secrete various proinflammatory mediators, IL-1β, TNF, and nitric oxide (9, 10), which acti-
vate sensory neurons and exacerbate pain (6, 8, 11). In contrast, M2 macrophages release low amounts 
of  proinflammatory molecules but higher levels of  antiinflammatory mediators, such as IL-10. Fur-
thermore, IL-4 is critical for the skewing of  macrophages toward an M2 phenotype (2, 10), which was 
suggested to attenuate pain by elevating IL-10 expression in animals (12).

Notably, immune cells, such as lymphocytes, neutrophils, and macrophages, contain opioid peptides, 
Met-enkephalin (ENK), β-endorphin (END), and dynorphin A 1-17 (DYN), which upon release reduce 
pain in animal models and in humans (13–18). Additionally, we have recently shown that opioid peptides 
are secreted by IL-4–polarized M2 macrophages in vitro (19).

In this study, we demonstrate that repetitive IL-4 application at the damaged nerves produced long-last-
ing analgesia via endogenous opioids in a mouse model of  neuropathy-induced pathological pain. Specifi-
cally, IL-4 locally induced M2 macrophages to produce opioid peptides, which via activation of  peripheral 

IL-4 is a pleiotropic antiinflammatory cytokine, which can be neuroprotective after nervous 
system injury. The beneficial actions of IL-4 are thought to result from the blunting of action of 
inflammatory mediators, such as proinflammatory cytokines. Here, we demonstrate that IL-4 
induces M2 macrophages to continuously produce opioid peptides and ameliorate pain. IL-4 
application at injured nerves in mice shifted F4/80+ macrophages from the proinflammatory M1 
to the antiinflammatory M2 phenotype, which synthesized opioid peptides (Met-enkephalin, 
β-endorphin, and dynorphin A 1-17). These effects were accompanied by a long-lasting attenuation 
of neuropathy-induced mechanical hypersensitivity, beyond the IL-4 treatment. This IL-4-
induced analgesia was decreased by opioid peptide antibodies and opioid receptor (δ, μ, κ) 
antagonists applied at injured nerves, which confirms the involvement of the local opioid system. 
The participation of M2 macrophages was supported by analgesia in recipient mice injected at 
injured nerves with F4/80+ macrophages from IL-4–treated donors. Together, IL-4–induced M2 
macrophages at injured nerves produced opioid peptides, which activated peripheral opioid 
receptors to diminish pain. Fostering the opioid-mediated actions of intrinsic M2 macrophages may 
be a strategy to tackle pathological pain.

https://doi.org/10.1172/jci.insight.133093
https://doi.org/10.1172/jci.insight.133093
https://doi.org/10.1172/jci.insight.133093


2insight.jci.org      https://doi.org/10.1172/jci.insight.133093

R E S E A R C H  A R T I C L E

opioid receptors attenuated neuropathy-triggered mechanical hypersensitivity. The analgesic effects persist-
ed for several days after cessation of  IL-4 treatment. Our results suggest that the endogenous opioid system 
is crucial to the action of  IL-4 and M2 macrophages in pain control.

Results
IL-4 application at injured nerves attenuates neuropathy-induced mechanical but not heat hypersensitivity. As a mod-
el of  pathological pain, we used a chronic constriction injury (CCI) of  the sciatic nerve, which represents 
human peripheral neuropathy due to nerve entrapment or compression (16, 18, 20). The CCI resulted in 
profound, lasting up to 26 days mechanical hypersensitivity (manifested by reduced thresholds to von Frey 
filaments; Figure 1A) and heat hypersensitivity (demonstrated by shortened withdrawal latencies, assessed 
by the Hargreaves test; Supplemental Figure 1; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.133093DS1). These effects occurred in hind paws innervated by dam-
aged nerves (Figure 1A and Supplemental Figure 1) but not in uninjured contralateral paws (P > 0.05; 
Supplemental Figure 1 and Supplemental Figure 2A).

To access the effects of  IL-4, we injected IL-4 (200 ng) at the damaged nerve (CCI site) daily, starting 
from day 14 until day 21 after CCI. This treatment did not modify heat hypersensitivity (Supplemental Fig-
ure 1) but attenuated mechanical hypersensitivity (Figure 1A). Thus, IL-4 produced short-lasting analgesia 
(5–15 minutes) after the first 5 injections (until day 18 after CCI), which then persisted for 24 hours after 
the next 3 injections (until day 22), and was further maintained after cessation of  IL-4 injection, for the 
following 4 days (until day 26). Vehicle administered at the CCI site did not alter ipsilateral paw withdrawal 
thresholds (Figure 1A) and latencies (Supplemental Figure 1), and there were no changes in the contralater-
al paws after any treatment (P > 0.05; Supplemental Figure 1 and Supplemental Figure 2A).

To determine whether IL-4 receptors (IL-4R) contribute to the long-lasting IL-4–induced (200 ng) anal-
gesia, we used IL-4Rα blocking antibody (anti–IL-4Rα; 6 μg). We found that IL-4–induced analgesia was 
diminished by anti–IL-4Rα injected with the last IL-4 application (on day 21 after CCI). However, anti–
IL-4Rα was without effect when injected later, on days 22 and 26 after CCI, when IL-4–induced analgesia 
remained despite no further IL-4 injections (Figure 1B). There were no changes in the contralateral paws 
after any treatment (P > 0.05; Supplemental Figure 2B). These data suggest that IL-4Rα are required for the 
direct action of  IL-4 but are not involved in the absence of  exogenous IL-4 and imply that persistent IL-4–
induced analgesia involves additional mechanisms. In the following experiments, we tested the hypothesis 
that IL-4 shifts macrophages toward an M2 phenotype and stimulates them to produce opioid peptides, 
which results in the continuous alleviation of  pain.

IL-4 treatment predominantly increases macrophage counts at injured nerves. To analyze the effect of  IL-4 
on the immune status of  injured nerves, we first quantified immune cells using flow cytometry. We per-
formed this analysis 24 hours after the last (eighth) injection of  IL-4 (200 ng; on day 22 after CCI), when 
the persistent IL-4–induced analgesia was fully established (Figure 1A); we also used this schedule for all 
ex vivo experiments in the following experiments. We found that injured nerves were infiltrated by CD45+ 
cells, including CD3+ T lymphocytes, Ly6g+ neutrophils, and F4/80+ macrophages, in both control and 
IL-4–treated animals (Figure 2A). However, as quantitative analysis revealed, IL-4 elevated the number of  
CD45+ cells as well as all 3 leukocyte populations. The strongest effect was seen for macrophages, which 
represented a 3-fold increase in cell count compared with the vehicle (Figure 2B).

IL-4 treatment shifts macrophages at injured nerves toward an M2 phenotype. To examine the inflammato-
ry status of  macrophages, we isolated them from injured nerves by F4/80+ immunomagnetic separation 
(IMS) and analyzed by the real-time quantitative reverse transcription PCR (qRT-PCR) for the mRNA 
expression of  commonly used markers of  M1 cells (Il-1β, Tnf, inducible nitric oxide synthase [iNos]) and 
M2 cells (Il-10, arginase-1 [Arg-1], chitinase-like 3 protein [Ym1]) (1, 9). Using flow cytometry, we con-
firmed the purity of  sorted F4/80+ macrophages by showing that they constituted 94%–96% of  all separat-
ed cells (Supplemental Figure 3).

The F4/80+ cells collected on day 22 after CCI from control animals (24 hours after the last vehicle 
injection) expressed substantially higher mRNA levels of  M1 than M2 cell markers (Figure 3), suggesting 
that damaged nerves were infiltrated by proinflammatory M1 macrophages. Importantly, IL-4 (200 ng) 
treatment resulted in diminished mRNA levels of  M1 cell markers and in elevated mRNA levels of  M2 
cell markers, analyzed 24 hours after the last IL-4 injection (on day 22 after CCI) (Figure 4). These data 
indicate that IL-4 shifted macrophages in injured nerves from the M1 to the antiinflammatory M2 status.
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IL-4–induced M2 macrophages at damaged nerves produce opioid peptides. Next, we investigated whether 
IL-4 (200 ng) treatment influences the production of  opioid peptides in macrophages. We analyzed the 
F4/80+-sorted macrophages from injured nerves by qRT-PCR to quantify the mRNA of  opioid peptide 
precursors, proenkephalin (Penk), proopiomelanocortin (Pomc), and prodynorphin (Pdyn) (Figure 5A). 
We also measured the content of  the corresponding opioid peptides, ENK, END, and DYN in these 
cells by enzyme immunoassays (Figure 5B). We found that macrophages isolated on day 22 after CCI 
from control animals (24 hours after the last vehicle injection) expressed low levels of  opioid peptide 
precursor mRNAs and contained low amounts of  opioid peptides. In contrast, after IL-4 treatment, 
both the precursor mRNAs and the intracellular opioid peptide contents were substantially elevated 

Figure 1. IL-4 application at damaged nerves produces long-lasting attenuation of mechanical hypersensitivity. (A) Time course of IL-4–induced anal-
gesia. IL-4 (200 ng) was injected daily on days 14–21 after chronic constriction injury (CCI) at the CCI site. Mechanical von Frey thresholds were measured 
before, 5–60 minutes after, and 24 hours after each injection until day 22 and then on day 23 (48 hours after the last injection) and on day 26 after CCI (120 
hours after the last injection). (B) Involvement of IL-4R in IL-4–induced analgesia. Anti-IL-4Rα (6 μg) was injected with IL-4 (200 ng) on day 21 after CCI 
(when IL-4 was applied last time), and again alone (without IL-4) on days 22 and 26 after CCI. von Frey thresholds were measured before and 24 hours after 
each IL-4 injection (on days 14–21); 5 minutes after IL-4 and anti-IL-4Rα co-injection (on day 21); before and 5–60 minutes after (on day 22) and 24 hours 
after (on day 23) the second anti-IL-4Rα injection; and before and 5–30 minutes after the third anti-IL-4Rα injection (on day 26). The thresholds were 
measured in hind paws ipsilateral to CCI. Control groups were tested accordingly. Arrows indicate injections. **P < 0.01, ***P < 0.001 vs. control (vehicle or 
control IgG); 2-way repeated-measures ANOVA and Bonferroni’s test. Data are represented as mean ± SEM. n = 9 animals per group. 

https://doi.org/10.1172/jci.insight.133093


4insight.jci.org      https://doi.org/10.1172/jci.insight.133093

R E S E A R C H  A R T I C L E

(Figure 5). Although, as stated in Methods, we did not exclude any animals or samples from the sta-
tistical analysis, Grubbs’ test identified a significant outlier (P < 0.05) in the DYN content data in the 
IL-4 group (Figure 5B). Nevertheless, the exclusion of  this outlier did not change the outcome of  these 
data because the DYN level remained significantly enhanced in the IL-4 group (0.049 ± 0.008 ng/mL, 
n = 7) compared with the control group (0.013 ± 0.003 ng/mL, n = 8; P < 0.001, 2-tailed t test).

To find out which macrophage population produces opioid peptides after IL-4 treatment, we performed 
FISH by RNAscope in F4/80+-sorted macrophages. We used probes to Il-1β and Arg-1 as representative 
markers of  M1 and M2 macrophages, respectively, and to Penk as a representative opioid peptide precursor. 
The cellular localization of  all 3 mRNAs was confirmed by their presence in the vicinity of  the nuclear 

Figure 2. IL-4 treatment primarily increases macrophage numbers at injured nerves. (A) Representative dot plots 
showing expression of all immune cells (CD45+), T lymphocytes (CD45+CD3+), neutrophils (CD45+Ly6g+), and macro-
phages (CD45+F4/80+). The blots represent the corresponding fluorescence minus one (FMO) negative controls (left), 
cells isolated from injured nerves after repetitive injection of vehicle (middle) or IL-4 (200 ng; right). Cells stained 
positive for the appropriate marker are shown inside the rectangular gates. (B) Quantification of the corresponding cell 
populations shown in A. **P < 0.01, ***P < 0.001 vs. vehicle; 2-tailed t test. Data are shown as individual data points 
and mean ± SEM. n = 8 samples per group. The cells were isolated 24 hours after the last injection of vehicle or IL-4, on 
day 22 after chronic constriction injury. The data were analyzed using flow cytometry and FlowJo software. The number 
of positively stained cells were calculated using absolute counting beads.
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marker DAPI (Figure 6A). Quantitative analysis revealed that IL-4 treatment decreased the percentage 
of  M1 cells (expressing Il-1β mRNA) and elevated the percentages of  M2 cells (expressing Arg-1 mRNA) 
and cells expressing Penk mRNA (Figure 6B), in line with the data in Figures 4 and 5. Additionally, after 
both IL-4 and vehicle treatment, there was a very low percentage of  cells coexpressing Il-1β and Arg-1 
mRNAs, confirming that these markers indeed stain distinct macrophage populations. Importantly, there 
was no difference between control and IL-4 groups in the percentage of  macrophages coexpressing Il-1β 
and Penk mRNAs, but IL-4 significantly increased the percentage of  macrophages coexpressing Arg-1 and 
Penk mRNAs (Figure 6C). Collectively, these data suggest that cells producing opioid peptides in response 
to IL-4 treatment are M2 macrophages.

IL-4–induced M2 macrophages produce analgesia. To directly determine the effects of  M2 versus M1 
macrophages on CCI-induced mechanical hypersensitivity, we isolated F4/80+ macrophages by IMS 
from injured nerves of  donor mice treated with vehicle or IL-4 (200 ng; on day 22 after CCI, i.e., 
24 hours after the last injections) and transferred them (105 cells) at the injured nerves of  recipient 
mice (on days 22 and 23 after CCI). We found that macrophages from IL-4–treated mice diminished 
mechanical hypersensitivity for 15 minutes after the first injection (on day 22) in recipient mice. This 
analgesic effect lasted up to 90 minutes after the second macrophage injection (on day 23). In contrast, 
the transfer of  macrophages from vehicle-treated donors did not alter mechanical hypersensitivity after 
any injection in recipient mice (Figure 7). These findings confirm that M2 macrophages account for 
IL-4–induced analgesia.

IL-4–induced analgesia is mediated by opioid peptides and receptors at injured nerves. The results described 
above demonstrate that repetitive IL-4 treatment polarized macrophages to an M2 phenotype, that 
these cells contained higher levels of  opioid peptides than M1 cells, and produced analgesia. Here, we 
investigated whether this analgesia involved the endogenous opioid system, including opioid peptides 
(ENK, END, DYN) and opioid receptors (δ, μ, κ). Opioid peptide antibodies and opioid receptor 
antagonists were injected at the CCI site 24 hours after the last IL-4 (200 ng) application (on day 22 
after CCI), when IL-4–induced ongoing analgesia was fully established, as well as 5 days after the last 
IL-4 injection (on day 26 after CCI), when analgesia remained despite no further IL-4 application. We 
found that selective blocking antibodies to ENK (2 μg), END (2 μg), or DYN (4 μg) decreased anal-
gesic actions of  IL-4 at both time points (Figure 8A). This analgesia was also diminished by a periph-
erally restricted opioid receptor antagonist naloxone methiodide (NLXM; 10 μg) (Figure 8B), and by 
selective antagonists of  δ (N,N-diallyl-Tyr-Aib-Aib-Phe-Leu [ICI 174,864]; 8 μg), μ (D-Phe-Cys-Tyr-
D-Trp-Orn-Thr-Pen-Thr-NH2 [CTOP]; 2 μg), and κ receptors (nor-binaltorphimine [norBNI]; 2 μg) 
(Figure 8C). The withdrawal thresholds in contralateral paws were not significantly changed by any of  
the treatments (P > 0.05; Supplemental Figure 4). These findings indicate that IL-4–induced analgesia 
is constantly mediated by endogenous opioid peptides acting at opioid receptors in injured nerves.

Figure 3. Injured nerves are infiltrated by proinflammatory M1 macrophages. Quantitative mRNA expression of M1 
markers (Il-1β, Tnf, iNos) and M2 markers (Il-10, Arg-1, Ym1) in F4/80+ macrophages isolated by IMS from injured nerves 
of control animals (24 hours after the last vehicle injection at the chronic constriction injury [CCI] site) on day 22 after 
CCI. **P < 0.01, ***P < 0.001 represent a significant difference between the respective M1 marker and each M2 marker; 
1-way repeated-measures ANOVA and Bonferroni’s test. Data were acquired by qRT-PCR, represent relative mRNA 
expression levels normalized to Gapdh, are expressed as fold change vs. Ym1, and are shown as individual data points 
and mean ± SEM. n = 8 samples per group.
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Discussion
Our main finding in this study is that IL-4–induced M2 macrophages continuously produced opioids to 
relieve pain. Hence, IL-4 repetitively applied at the injured peripheral nerve shifted macrophages from the 
M1 to M2 phenotype, which produced opioid peptides (ENK, END, DYN). The opioids activated periph-
eral opioid receptors (δ, μ, κ) and ameliorated nerve injury-triggered mechanical hypersensitivity, beyond 
the discontinuation of  IL-4 treatment. Specifically, IL-4 primarily increased F4/80+ macrophage counts 
at damaged nerves, and these cells expressed low mRNA levels of  proinflammatory markers (Il-1β, Tnf, 
iNos) and enhanced mRNA levels of  antiinflammatory markers (Il-10, Arg-1, Ym1), supporting their M2 
status. Concurrently, IL-4–induced macrophages expressed elevated levels of  opioid peptides (ENK, END, 
DYN) and mRNAs of  their precursors (Penk, Pomc, Pdyn). Single-cell analysis revealed the higher percent-
age of  macrophages coexpressing Arg-1 and Penk mRNAs after IL-4 treatment, proving that opioids were 
produced by M2 cells. Adoptive transfer of  these cells diminished mechanical hypersensitivity in recipient 
mice, directly showing their analgesic actions. Persistent IL-4–induced analgesia was indeed opioid-depen-
dent, since it was abolished by opioid peptide antibodies and opioid receptor antagonists.

Upon injury, blood monocyte-derived macrophages are recruited to the damaged tissue, and by secretion 
of  proinflammatory mediators, including proinflammatory cytokines, contribute to the generation of  pain (7, 
21–23). Accordingly, we detected higher mRNA levels of  proinflammatory mediators (Il-1β, Tnf, iNos) than 
antiinflammatory markers (Il-10, Arg-1, Ym1) in F4/80+ macrophages isolated from injured nerves of  control 
(vehicle-treated) mice (on day 22 after CCI), indicating their M1 status. Concomitantly, we measured low 
levels of  opioid peptides (ENK, END, DYN) and mRNAs of  their precursors (Penk, Pomc, Pdyn). Thus, as all 
these effects correlated with the CCI-induced hypersensitivity, not only classical pro/antiinflammatory mole-
cule imbalance, but also endogenous opioid deficiency in macrophages, appear relevant to pain pathogenesis. 
Hence, strategies predominately based on dampening the proinflammatory properties of  macrophages might 
be insufficient to inhibit pain. This is supported by a modest decrease or no changes in hypersensitivity after 
general depletion of  macrophages in models of  neuropathic, inflammatory, and postoperative pain (24–28).

Therefore, our approach in this study was to promote the analgesic properties of  macrophages. We 
took advantage of  IL-4 to polarize macrophages into an antiinflammatory M2 state (2, 10, 29, 30). We 
used IL-4 as a therapeutic agent and did not aim to mimic its endogenous levels, since they are apparently 

Figure 4. IL-4 treatment shifts macrophages at injured nerves into an M2 phenotype. Quantitative mRNA expression 
of M1 markers (Il-1β, Tnf, iNos) and M2 markers (Il-10, Arg-1, Ym1) in F4/80+ macrophages isolated by IMS from injured 
nerves 24 hours after the last injection of vehicle or IL-4 (200 ng) at the chronic constriction injury (CCI) site, on day 22 
after CCI. ***P < 0.001 (2-tailed t test), +++P < 0.001 (Mann-Whitney U test) vs. vehicle. Data were acquired by qRT-PCR, 
represent relative mRNA expression levels normalized to Gapdh, are expressed as fold change vs. vehicle, and are 
shown as individual data points and mean ± SEM. n = 8 samples per group.
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insufficient to resolve pain, as the CCI-triggered hypersensitivity persisted in the control (vehicle-treated) 
group throughout the whole time course, up to day 26 after CCI. Using flow cytometry, we found that IL-4 
elevated numbers of  immune cells at the injured nerves, which could result from the IL-induced immune 
cell extravasation and/or proliferation (31–33). Importantly, F4/80+ macrophages were the predominant 
cell population after IL-4 treatment. Previous studies found a correlation between IL-4–induced analge-
sia and decreased expression of  Il-1β and Tnf, or increased expression of  IL-10 and M2 markers (Arg-1, 
Cd206). However, these cytokines and markers were measured in cultured peritoneal cells (3, 4), spinal cord 
homogenates (5), and macrophage cell line– or in vitro–cultured sciatic nerve fragments (12). Clearly, these 
conditions do not reflect the in vivo IL-4 effects, and macrophages were not directly examined in those 
studies. In contrast, we have tested fresh, uncultured F4/80+ macrophages isolated by IMS from injured 
nerves and found that after in vivo IL-4 treatment, they downregulated mRNAs of  M1 markers (Il-1β, Tnf, 
iNos) and upregulated mRNAs of  M2 markers (Il-10, Arg-1, Ym1). Importantly, these M2 macrophages 
synthesized higher amounts of  opioid peptides than M1 cells. This was evidenced by elevated mRNA levels 
of  opioid peptide precursors (Penk, Pomc, Pdyn) measured by qRT-PCR and confirmed by single-cell FISH, 
which showed Penk and Arg-1 mRNA coexpression. The M2 macrophages also contained elevated levels of  
ENK, END, and DYN proteins determined by enzyme immunoassays. A typical pathway of  IL-4–induced 
M2 macrophage polarization involves activation of  the transcription factor signal transducer and activator 
of  transcription 6, which enhances transcription of  M2-associated genes and decreases transcription of  
M1-associated genes (1, 2, 9). It will thus be interesting to examine whether this pathway is also involved in 
the IL-4–induced upregulation of  opioid peptides in M2 macrophages.

Furthermore, the F4/80+ macrophages isolated from injured nerves of  IL-4–treated, but not vehi-
cle-treated, donor mice diminished mechanical hypersensitivity after adoptive transfer at damaged nerves 
in recipient mice, clearly showing that M2 cells account for IL-4–induced analgesia. The longer-lasting 
analgesia after the second macrophage injection is in line with our previous study, which showed that after 
the first injection of  in vitro–polarized M2 macrophages, only small proportion of  cells remained at the 
nerves of  donor mice, possibly due to their removal by endogenous cells, and the second injection was more 

Figure 5. IL-4–induced macrophages at damaged nerves produce opioid peptides. (A) Quantitative mRNA expression 
of opioid peptide precursors Penk, Pomc, and Pdyn in F4/80+ macrophages from injured nerves. Data were acquired by 
qRT-PCR, represent relative mRNA expression levels normalized to Gapdh and are expressed as fold change vs. vehicle. 
(B) Intracellular content of opioid peptides ENK, END, and DYN in F4/80+ macrophages from injured nerves, measured 
by enzyme immunoassays. F4/80+ macrophages were isolated by IMS from nerves 24 hours after the last injection of 
vehicle or IL-4 (200 ng) at the chronic constriction injury (CCI) site, on day 22 after CCI. +P < 0.05, ++P < 0.01 (Mann-Whit-
ney U test), **P < 0.01, ***P < 0.001 (2-tailed t test) vs. vehicle. Data are shown as individual data points and mean ± 
SEM. n = 8 samples per group. ENK, Met-enkephalin; END, β-endorphin; DYN, dynorphin A 1-17.
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Figure 6. IL-4–induced macrophages expressing Penk mRNA 
are M2 macrophages. (A) Representative FISH images showing 
expression of mRNAs of Il-1β and Arg-1, Il-1β and Penk, and 
Arg-1 and Penk in F4/80+ macrophages with DAPI-stained 
nuclei. The cells were isolated from injured nerves of mice 
treated with vehicle (left panel) or IL-4 (200 ng; right panel). 
In each image set, the bigger orange marked square (on the 
right-hand side) represents a higher magnification of the 
corresponding square in the image on the left-hand side. In 
each panel, the left (vehicle) and the right (IL-4), the 3 images 
on the left-hand side show the same field of view taken from 
the same sample under different staining conditions. Scale 
bars: 20 μm. (B) Percentage of F4/80+ macrophages expressing 
mRNA of Il-1β, Arg-1, or Penk. (C) Percentage of F4/80+ macro-
phages coexpressing mRNAs of Il-1β and Arg-1, Il-1β and Penk, 
or Arg-1 and Penk. F4/80+ macrophages were isolated by IMS 
from injured nerves 24 hours after the last injection of vehicle 
or IL-4 (200 ng) at the chronic constriction injury (CCI) site, on 
day 22 after CCI. +P < 0.05 vs. vehicle; Mann-Whitney U test. 
Data are shown as individual data points and mean ± SEM. n = 
4 samples per group.
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efficient (19). Moreover, the reduction of  IL-4–induced analgesia by opioid peptide antibodies and opioid 
receptor antagonists applied at the CCI site clearly demonstrates that the local endogenous opioid system 
is essential for pain control by IL-4 and M2 macrophages. All 3 opioid peptides (ENK, END, DYN) and 
receptors (δ, μ, κ) are involved, since the selective blockade of  each was equally effective. Additionally, the 
inhibition of  IL-4–induced analgesia by NLXM, an opioid receptor antagonist with limited blood-brain 
barrier permeability (34), suggests that the effects were mediated by peripheral opioid receptors. This has 
important implications because in contrast to opioid receptors in the brain, the activation of  peripheral 
opioid receptors is devoid of  serious side effects such as respiratory arrest, sedation, and addiction (35, 36). 
Interestingly, all these opioid effects occurred both 24 hours and 5 days after discontinuation of  IL-4 treat-
ment; of  note, the analgesia was equally efficient and did not diminish even at the latter time point. Since 
this persistent analgesia was not attenuated by IL-4Rα antibody, it was apparently independent of  IL-4Rα, 
regardless whether they are expressed on immune cells or neurons (37–39), but appears to involve constitu-
tive release of  opioid peptides from M2 macrophages. This is in line with our earlier in vitro experiments, 
in which extracellular levels of  opioid peptides were measured (18 hours) after the removal of  IL-4 from the 
medium (19). Conversely, the short-lasting (5 minutes), IL-4–induced analgesia clearly involved IL-4Rα, 
since it was diminished by IL-4Rα antibody coinjected with IL-4 (day 21 after CCI). This suggests an acute 
direct action of  IL-4 via IL-4Rα, possibly involving the release of  opioids, which will be addressed in a fol-
low-up study. These findings suggest that when macrophages are polarized by IL-4 into the M2 phenotype, 
they can continuously use opioids to ameliorate nerve injury-triggered mechanical pain.

The involvement of δ-, μ- and κ-opioid receptors at the CCI site in analgesia, mediated by IL-4–induced M2 
macrophages, is supported by studies showing that all 3 receptors were detected in sensory fibers (16) and μ and 
δ receptors were upregulated (40–42) at the nerve injury site. The CCI predominantly results in the degeneration 
of Aβ fibers (43), and thus the main remaining sensory fibers are C and Aδ fibers. Both fiber types express opioid 
receptors (44–47) and transmit mechanical and heat stimuli (48, 49). Consistently, exogenous opioid receptor ago-
nists applied at the CCI site attenuated mechanical and heat hypersensitivity (40, 46, 50–52). However, here we 
found that endogenous opioid peptides, derived from IL-4–induced M2 macrophages, attenuated mechanical but 
not heat hypersensitivity. This is in agreement with our previous study, in which heat hypersensitivity was attenu-
ated by perineurally applied exogenous opioids, but not by opioid peptides, including ENK, END, and DYN (53). 
Even though both exogenous and endogenous opioids activate the same opioid receptors, it is possible that these 
ligands initiate different downstream mechanisms to interact with various pain modality-dependent ion channels 
or intracellular pathways (36, 53), and further studies are required. Interestingly, other studies found that M2 mac-
rophages polarized by morphine or peroxisome proliferator-activated receptor-γ agonist reduced mechanical but 
not heat hypersensitivity in models of inflammatory and postoperative pain (28, 54). Additionally, IL-4–knockout 
mice displayed enhanced, acute mechanical but unaltered heat sensitivity (55), although the reasons for these 
differences were not provided. Thus, as the role of immune cells in the modulation of different pain modalities 

Figure 7. IL-4–induced M2 macrophages produce analgesia. F4/80+ macrophages isolated by IMS from injured nerves of donor mice treated with vehicle 
or IL-4 (200 ng; on day 22 after chronic constriction injury [CCI], i.e., 24 hours after the last injection) were adoptively transferred (105 cells) twice (indicated 
by arrows) at injured nerves (CCI site) of recipient mice (on days 22 and 23 after CCI). von Frey thresholds were measured once a day (every 24 hours) until 
day 21 (without any injections); before and 5–60 minutes after the first macrophage injection (on day 22); before and 5 minutes to 2 hours after the second 
macrophage injection (on day 23); and 24 hours later (on day 24). The thresholds were measured in hind paws ipsilateral to CCI. *P < 0.05, ***P < 0.001, 
recipients (n = 6) injected with macrophages from IL-4–treated donors vs. recipients (n = 3) injected with macrophages from vehicle-treated donors; 2-way 
repeated-measures ANOVA and Bonferroni’s test. Data are represented as mean ± SEM.
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remains to be clarified, it appears that opioid-dependent actions of IL-4 and M2 macrophages are mainly benefi-
cial in diminishing mechanical hypersensitivity. Because we used male mice, it will also be important to examine 
females, since the involvement of macrophages in pain may be sex dependent (56).

In conclusion, in this project we explored pain-inhibiting actions of  macrophages in response to IL-4 
treatment. This is a timely area of  research because the lack of  and the need for such studies have been 
increasingly recognized (8, 57). We propose that fostering the beneficial effects of  intrinsic M2 macro-
phages is more promising than the general inhibition of  neuroinflammation for tackling pathological pain. 
The actions of  IL-4 are believed to be mediated primarily by the inhibition of  proinflammatory mediators 
(2, 58). Yet, here we provide evidence that the endogenous opioid system is essential to the actions of  

Figure 8. Sustained IL-4–induced analgesia is mediated by opioid peptides and receptors at damaged nerves. (A) Reversibility of IL-4–induced (200 ng) 
analgesia by antibodies to opioid peptides, anti-ENK (2 μg), anti-END (2 μg), or anti-DYN (4 μg). (B) Reversibility of IL-4–induced (200 ng) analgesia by 
peripherally restricted opioid receptor antagonist NLXM (10 μg). (C) Reversibility of IL-4–induced (200 ng) analgesia by antagonists selective at δ (ICI 174,864; 
8 μg), μ (CTOP; 2 μg), and κ receptors (norBNI; 20 μg). Antibodies and antagonists were injected 24 hours after the last IL-4 injection (on day 22 after chronic 
constriction injury [CCI]) and again 5 days after IL-4 injection (on day 26 after CCI). von Frey thresholds were determined before and 24 hours after each IL-4 
injection (on days 14–21); before and 5–60 minutes after the first injection of antibodies and antagonists (on day 22); once on day 23 (24 hours after the first 
injection of antibodies and antagonists); and before and 5–60 minutes after the second injection of antibodies and antagonists (on day 26). The thresholds 
were measured in hind paws ipsilateral to CCI. Control groups were tested accordingly. Arrows indicate injections. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 
control (control IgG or vehicle); 2-way repeated-measures ANOVA, Bonferroni’s test. Data are represented as mean ± SEM. n = 9 animals per group. ENK, 
Met-enkephalin; END, β-endorphin; DYN, dynorphin A 1-17; NLXM, naloxone methiodide; ICI 174,864, N,N-diallyl-Tyr-Aib-Aib-Phe-Leu; CTOP, D-Phe-Cys-Tyr-
D-Trp-Orn-Thr-Pen-Thr-NH2; norBNI, nor-binaltorphimine. 
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IL-4 and M2 macrophages in pain control. Interestingly, IL-4 blood levels were reduced in patients with 
chronic widespread pain (including fibromyalgia and complex regional pain syndrome type 1) compared 
with healthy volunteers (59) and tended to be lower in patients with painful peripheral neuropathies than 
patients with painless peripheral neuropathies (60). It might thus be interesting to test IL-4 for pain treat-
ment in clinical trials. Notably, IL-4 therapy (for 6 weeks or 3 months) was well tolerated and diminished 
inflammation in patients with psoriasis (61, 62). Together, our findings may have wide implications, since 
IL-4 and M2 cells play a role in inflammatory and neurodegenerative diseases (2, 9, 10, 63). The opioid 
system may be particularly beneficial in peripheral neuroinflammatory conditions, since the activation of  
peripheral opioid receptors can provide analgesia without centrally mediated adverse effects (35, 36). None-
theless, our study does not preclude the search for strategies targeting other macrophage-derived mediators, 
including antiinflammatory cytokines and specialized proresolving mediators.

Methods
Sample size. Statistical power calculations to estimate animal/sample numbers per group were performed using 
the G*Power 3.1.2 program. In the in vivo experiments, each group comprised 9 animals and were tested on 2–3 
different days. Exceptions were adoptive cell transfer experiments (Figure 7), in which 3 and 6 recipient mice in 
control and IL-4 groups, respectively, were used and tested on 2 different days. This was necessary to keep the 
animal numbers to a minimum because relatively high numbers of donor mice were needed (see below).

In the ex vivo experiments, each group comprised 8 independent biological samples and were mea-
sured on 2–3 different days. Exceptions were FISH experiments (Figure 6), in which 4 independent bio-
logical samples per group were used and analyzed on 2 different days. This was needed to keep the animal 
numbers to a minimum because, in this method, a relatively high number of  cells are initially needed due to 
a considerable number of  cells being lost during the challenging and long-lasting procedure. Besides, addi-
tional cells/animals are required for controls (see also below). The exact numbers of  animals and samples 
per group are given in the figure legends.

Randomization and blinding. Animals were randomly placed in cages by an animal caretaker who was 
not involved in the study. In vivo experiments were performed by an experimenter blinded to the treat-
ments. Substances or cells were prepared in separate, coded vials (one per animal) by a colleague not 
involved in the in vivo testing, and the codes were broken after completion of  experiments. Similarly, flow 
cytometry experiments and quantification of  FISH data were performed by an experimenter unaware of  
the sample assignment. A colleague not involved in these experiments coded flow cytometry samples and 
FISH slides; the codes were broken after completion of  the analyses.

Animals. Male C57BL/6J mice (22–30 g, 6–13 weeks old, Janvier Laboratories) were kept in groups of  
2–4 per cage, with free access to food and water, in an environmentally controlled room (12 hours light/
dark schedule, light on at 7 am; 22°C ± 0.5°C; humidity 60%–65%). The experiments were carried out 
during the light cycle. After completion of  the in vivo experiments and for tissue collection for the ex vivo 
experiments, animals were killed with isoflurane overdose (AbbVie). All efforts were made to minimize 
animal suffering and to reduce their number (see above).

Induction of  neuropathy. CCI was induced in deeply isoflurane-anesthetized mice. The sciatic nerve 
was exposed at the level of  the right mid-thigh and 3 loose silk ligatures (4/0) were placed around the 
nerve with 1-mm spacing. The ligatures were tied until they elicited a brief  twitch in the right hind 
limb. The wound was closed with silk sutures and animals were monitored during recovery from the 
anesthesia (18, 19, 51).

Assessment of  mechanical sensitivity (von Frey test). Animals were habituated to the test cages (IITC Life 
Sciences, model 410) daily (1–2 times for 15 minutes), starting 6 days before nociceptive testing. To assess 
mechanosensitivity, calibrated von Frey filaments (Stoelting) in the range of  0.054 mN (0.0056 g) to 42.85 
mN (4.37 g) were used. The filaments were applied until they bowed, for approximately 3 seconds, to the 
plantar surface of  hind paws. The up-down method was used to estimate 50% withdrawal thresholds (64). 
Testing began using a 2.74 mN (0.28 g) filament. In the absence of  withdrawal, the next stronger filament 
was applied. If  the animal withdrew the paw, the preceding weaker filament was applied. The maximum 
number of  applications was 6–9, and the cutoff  was 42.85 mN (4.37 g). The sequence of  paws was alternat-
ed between animals to avoid “order” effects (18, 19, 51).

Assessment of  heat sensitivity (Hargreaves test). Mice were habituated to the test cages (IITC Life Sciences, 
model 336) before the testing, as described above for the von Frey test. To examine heat sensitivity, radiant 
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heat was applied to the plantar surface of  hind paws from underneath the glass floor with a high-intensity 
projector lamp bulb and paw withdrawal latency was evaluated using an electronic timer. The withdrawal 
latency was defined as the average of  2 measurements separated by at least 10 seconds. The heat intensity 
was adjusted to obtain baseline withdrawal latency of  about 10–12 seconds in uninjured paws, and the 
cutoff  was set at 20 seconds to avoid tissue damage. The sequence of  paws was alternated between animals 
to avoid “order” effects (19, 51).

In vivo treatments. Injections were performed perineurally at the site of  nerve injury (CCI site, 30 μl) under 
brief  isoflurane anesthesia. A polyethylene tube was placed 2 mm from the tip around the needle to ensure 
the same depth of  needle insertion into the middle of  the scar after CCI, as described earlier (16, 18, 51).

To assess the time course of  IL-4–induced analgesia, the recombinant mouse IL-4 (200 ng, R&D Sys-
tems) was injected daily, beginning on day 14 until day 21 after CCI. To examine the contribution of  IL-4R 
to IL-4–induced analgesia, anti–IL-4Rα (6 μg, BD Pharmingen, clone mIL-4R-M1) and isotype-matched 
control IgG2aκ (6 μg, BD Pharmingen) were injected with IL-4 (200 ng) on day 21 after CCI (when IL-4 
was applied last time), and again alone (without IL-4) on days 22 and 26 after CCI. To evaluate the contri-
bution of  opioid peptides and opioid receptors to IL-4–induced analgesia, we used anti-END (2 μg, Pen-
insula Laboratories, catalog T-4044), anti-ENK (2 μg, Peninsula Laboratories, catalog T-4293), anti-DYN 
(4 μg, Peninsula Laboratories, catalog T-4267), control rabbit IgG (4 μg, Sigma-Aldrich), NLXM (10 μg, 
Sigma-Aldrich), CTOP (2 μg, Sigma-Aldrich), norBNI (2 μg, Sigma-Aldrich), and ICI 174,864 (8 μg, Bio-
zol). They were injected 24 hours after the last IL-4 injection (on day 22 after CCI) and again 5 days after 
the last IL-4 injection (on day 26 after CCI).

For adoptive cell transfer experiments, F4/80+ macrophages were isolated by IMS (see below) from 
injured nerves of  donor mice treated with vehicle or IL-4 (200 ng; on day 22 after CCI, i.e., 24 hours after 
the last injections) and were injected (105 cells) twice at injured nerves (CCI site) of  recipient mice (on days 
22 and 23 after CCI). Cells pooled from 5 vehicle-treated donor mice or from 3 IL-4–treated donor mice 
were needed for one recipient mouse. Mechanical and heat sensitivity were measured according to the 
schedules depicted in Figure 1, Figure 7, Figure 8, and Supplemental Figures 1, 2, and 4, and are described 
in the corresponding figure legends.

All doses/cell numbers were chosen based on pilot experiments. IL-4 was dissolved in 0.1% BSA (Sig-
ma-Aldrich) in PBS (Biochrom). Cells were suspended in PBS, and all other substances were dissolved in 
sterile water and diluted with 0.9% NaCl. Control groups were treated with the respective solvents.

Immune cell isolation from injured nerves. Based on the in vivo experiments, all below-described ex vivo 
experiments were performed 24 hours after the last (eighth) IL-4 (200 ng) injection (CCI site) on day 22 
after CCI, when long-lasting IL-4–induced analgesia was fully established.

Mice were perfused transcardially with ice-cold PBS under terminal isoflurane anesthesia, and the 
ligated part of  the sciatic nerve (approximately 1-cm long), including the ligation site and sites distal and 
proximal to it, was isolated. The nerves were cut into small pieces, digested, filtered, and centrifuged, and 
the cell pellet was resuspended in RPMI 1640 with GlutaMAX buffer (Gibco) (18). The cells were stained 
with acridine orange/propidium iodide stain (Logos) to verify their viability; counted using Luna dual 
fluorescence cell counter; and immediately used for further experiments.

Flow cytometry. Two injured sciatic nerve fragments were pooled for each of  8 replicates, and sin-
gle-cell suspensions were prepared as described above. Each replicate was sufficient to quantify all cell 
populations (Figure 2). All experiments followed the guidelines for the use of  flow cytometry and cell 
sorting in immunological studies (65). The isolated immune cells were first labeled with LIVE/DEAD 
Fixable Aqua Dead Cell Stain Kit, for 30 minutes on ice, according to the manufacturer’s instructions 
(Thermo Fisher Scientific), to exclude dead cells. The cells were washed with ice-cold PBS containing 2% 
FBS (Biochrom) and centrifuged, and the supernatant was removed. Cells were stained for 10 minutes 
on ice with anti–mouse CD16/32 (Fc Block, clone 93, BioLegend) to ensure antigen-specific binding. To 
identify immune cell populations, the cells were labeled with anti–mouse CD45-APC-eFluor 780 (clone 
30 F11, eBioscience), CD3-APC (clone 17A2, eBioscience), Ly-6G-FITC (clone 1A8, BioLegend), and 
F4/80-PE (clone BM8, BioLegend). All antibodies were prepared in PBS containing 2% FBS. As stain-
ing controls, the fluorescence minus one, single-stain, unstain, and all-stain controls were included for 
accurate identification of  immune cells, compensation, and voltage adjustments. To quantify the absolute 
number of  cells, 50 μl CountBright absolute counting beads (Thermo Fisher Scientific) were added to the 
solutions according to the manufacturer’s recommendations before the flow cytometer analysis (66, 67). 
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Counting beads were gated on the forward scatter– versus linear side–scatter plot. The percentages of  pos-
itively stained cells determined over 10,000 events were analyzed using FACS Canto II (BD Biosciences), 
and fluorescence intensity was expressed in arbitrary units on a logarithmic scale. Single cells were gated 
on the forward scatter–height versus forward scatter–area density plot to exclude doublets and the data 
were analyzed using FlowJo software (version 10.1r5, Tree Star Inc.) (19).

IMS of  macrophages. F4/80+ macrophages were separated from immune cells isolated from injured 
nerve fragments (pooled from 3 animals) using EasySep Release Mouse PE Positive Selection Kit (Stem-
Cell) according to the manufacturer’s protocol. Briefly, immune cells were labeled with F4/80-PE antibody 
(clone BM8, BioLegend) for 20 minutes and magnetic particles (StemCell) for 10 minutes and then sepa-
rated using an EasySep Magnet (StemCell). Negatively stained F4/80– cells were poured off, whereas the 
positively stained F4/80+ cells remained in the tube. Then, to acquire particle-free cells, bound magnetic 
particles were removed from the isolated F4/80+ cells using the release buffer (StemCell). The purity of  
F4/80+ separated cells (~105 cells) was verified by flow cytometry, as described above. The separated mac-
rophages were immediately used for the adoptive transfer (see above) and all experiments described below.

qRT-PCR. For qRT-PCR experiments, 3 injured nerve fragments were pooled for each of  8 replicates. 
From each replicate, the F4/80+ macrophages were isolated by IMS (see above), and from these cells the 
total RNA was extracted and used to measure mRNA levels of  all M1 and M2 markers and opioid pep-
tide precursors (Figure 3, Figure 4, and Figure 5A). The isolated F4/80+ macrophages were disrupted and 
homogenized in Buffer RLT (QIAGEN) and kept at –80oC until further use. The total RNA was extracted 
from the cells using the RNeasy Micro Kit (QIAGEN) following the manufacturer’s protocol with on-col-
umn DNAse treatment. Quantity and quality of  the total RNA were assessed by the DS-11 Spectrophotom-
eter (DeNovix) and agarose gel electrophoresis (18S/28S rRNA). cDNA synthesis was done using Super-
script IV VILO Master Mix (Thermo Fisher Scientific) according to the manufacturer’s protocol.

The qPCR was performed in duplicates using the TaqMan Fast Advanced Master Mix (Thermo 
Fisher Scientific) according to the manufacturer’s instructions. The following TaqMan Gene Expression 
Assays (Thermo Fisher Scientific) were used: Il-1β (Mm00434228_m1), Tnf (Mm00443258_m1), iNos 
(Mm00440502_m1), Il-10 (Mm01288386_m1), Arg-1 (Mm00475988_m1), Ym1 (Mm00657889_mH), Penk 
(Mm01212875_m1), Pomc (Mm00435874_m1), Pdyn (Mm00457573_m1), and Gapdh (Mm99999915_g1). 
Additional no-RT controls were run to test for impurities or genomic DNA contaminations. The amplifica-
tion was carried out for 40 cycles and the mean Ct values of  the genes of  interest (Il-1β, Tnf, iNos, Il-10, Arg-
1, Ym1, Penk, Pomc, Pdyn) and the housekeeping gene Gapdh were calculated. The Ct values of  the genes of  
interest were then normalized using the Ct value of  the Gapdh of  the same sample, and these normalized 
values were referred to as the ΔCt values. The ΔCt values were then used to compute the relative expression 
levels (i.e., fold change) of  the genes of  interest using the 2–ΔΔCt formula (18).

Enzyme immunoassays. For enzyme immunoassay experiments, 3 injured nerve fragments were 
pooled for each of  8 replicates. From each replicate, the number of  F4/80+ macrophages isolated by 
IMS (see above) was sufficient to determine the intracellular content of  all opioid peptides (ENK, END, 
DYN) (Figure 5B). The measurements were done according to the manufacturer’s instructions using 
the kits for the corresponding opioids, ENK (Peninsula Laboratories, catalog S-1419), END (Phoenix 
Pharmaceuticals, catalog EK-022-06), and DYN (Phoenix Pharmaceuticals, catalog EK-021-03).The 
samples were thawed, resuspended in RPMI buffer (GIBCO), lysed by a freezing/thawing procedure 
(8 min at -80°C and 1 min at 50°C; repeated 5 times) followed by sonication (Ultra-Turrax T8; IKA 
Labortechnik). The supernatants were incubated for 2 hours with biotinylated peptide and anti-ENK, 
anti-END, or anti-DYN. Streptavidin-HRP was added and the samples were incubated for 1 hour. After 
washing, tetramethylbenzidine was added, and after 1 hour of  incubation, the reaction was terminated 
by application of  2 N HCl. The absorbance was measured at 450 nm (Molecular Devices Spectra Max), 
according to the standard curve. All samples were measured in duplicates (18).

FISH by RNAscope. For RNAscope experiments, 3 injured sciatic nerve fragments were pooled for each 
of  4 replicates. From each replicate, the numbers of  IMS isolated F4/80+ macrophages (see above) were 
sufficient for the quantification of  macrophage percentages in Figure 6, B and C. RNAscope assessment 
(Advanced Cell Diagnostic) was performed following the manufacturer’s protocols (68). Briefly, F4/80+ IMS 
macrophages were fixed with 10% neutral buffered formalin (AppliChem) for 1 hour at 37°C, centrifuged, 
washed with 2% FBS in PBS (Biochrom), and incubated in 70% EtOH overnight. Then, the cells were cyto-
spinned using Cytospin 3 on Cytoträger slides (Shandon) and covered with Cell-Tak Cell and Tissue Adhesive 
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Solution (Corning). The slides were first air dried for 20 minutes, then treated for 5 minutes with 50%, 70%, 
and 100% EtOH and kept in 100% EtOH overnight. Next, a hydrophobic barrier was drawn around the cells 
on the slides using ImmEdge Pen (Vector) and hydrogen peroxide (Advanced Cell Diagnostic) was applied. 
After 10 minutes of  incubation at room temperature, the slides were washed twice in PBS and the cells were 
permeabilized using Protease III (Advanced Cell Diagnostic) in the HybEZ Oven (Advanced Cell Diagnostic) 
at 40°C for 30 minutes. Then, the cells were hybridized in the HybEZ oven at 40°C for 2 hours using mRNA 
probes (Advanced Cell Diagnostic), mm-Penk-C1, mm-Il-1β-C2, and mm-Arg-1-C3. Additional negative and 
positive control slides were prepared, in which cells were hybridized using 3-plex– and 3-plex+ control_Mm 
probes (Advanced Cell Diagnostic), on each experimental day. All slides were kept in 5× saline-sodium citrate 
buffer (Merck) overnight. Thereafter, the cells were hybridized with RNAscope Multiplex FL V2 AMP1 for 
30 minutes, AMP2 for 30 minutes, and AMP3 (Advanced Cell Diagnostic) for 15 minutes at 40°C. Afterward, 
the cells were stained with fluorophores (Opal 570, Opal 620, Opal 520, PerkinElmer) followed by HRP 
incubation (HRP-C1-Opal 570, HPR-C2-Opal 620, HPR-C3-Opal 520 [Advanced Cell Diagnostic]). Between 
each staining, the HRP Blocker (Advanced Cell Diagnostic) was used to terminate the reaction. After the 
last HRP block, the slides were washed twice with 1× wash buffer (Advanced Cell Diagnostic), and DAPI 
(Advanced Cell Diagnostic) was added for 30 seconds at room temperature. Finally, the slides were mounted 
using ProLong Gold Antifade Mountant (Thermo Fisher Scientific) and stored at 4°C until imaging.

The resulting hybridized slides were imaged using a LSM780 confocal microscope (Zeiss) and analyzed 
by NIH ImageJ software. DAPI-stained F4/80+ IMS macrophages expressing mRNA of Il-1β, Arg-1, Penk, 
Il-1β/Arg-1, Il-1β/Penk, or Arg-1/Penk were quantified manually in a blind manner (see above for blinding). 
Four slides representing 4 independent biological samples per condition (vehicle, IL-4) were analyzed. Two 
fields (each 0.45 mm2) per slide were chosen randomly, considering that the fields were not empty or did 
not contain too many clumped cells, and analyzed using 20× objective. The number of  cells expressing the 
above-listed mRNAs from the 2 fields (each containing a total of  122–341 cells) was averaged per slide. The 
data are expressed as the percentage of  macrophages expressing the mRNA of interest, by dividing the num-
ber of  macrophages expressing the mRNA of interest by the total number of  macrophages, multiplied by 100.

Statistics. Statistical analyses were performed using GraphPad Prism software (version 5.02 for Win-
dows; GraphPad Software Inc.). Normality of  the data distribution was assessed by D’Agostino-Pear-
son or Kolmogorov-Smirnov tests. Grubbs’ test was performed to identify outliers. No animals or sam-
ples were excluded from the analysis. Over time, two groups in the in vivo experiments were compared 
by 2-way repeated-measures ANOVA followed by Bonferroni’s multiple comparison test. In ex vivo 
experiments, two-sample comparisons were made with the 2-tailed t test for independent, normally 
distributed data or Mann-Whitney U test for independent, nonnormally distributed data. Multiple com-
parisons were performed by 1-way repeated-measures ANOVA followed by Bonferroni’s multiple com-
parison test. The data are expressed as individual data points and/or mean ± SEM. Differences were 
considered significant at values of  P < 0.05.

Study approval. Experiments were approved by the state animal care committee (Landesamt für Gesund-
heit und Soziales, Berlin, Germany) and were performed according to the ARRIVE guidelines (69) and 
NIH Guide for the Care and Use of  Laboratory Animals (National Academies Press, 2011).
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