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Inflammatory pain, such as hypersensitivity resulting from surgi-
cal tissue injury, occurs as a result of interactions between the
immune and nervous systems with the orchestrated recruitment
and activation of tissue-resident and circulating immune cells to
the site of injury. Our previous studies identified a central role for
Ly6C'°" myeloid cells in the pathogenesis of postoperative pain.
We now show that the chemokines CCL17 and CCL22, with their
cognate receptor CCR4, are key mediators of this response. Both
chemokines are up-regulated early after tissue injury by skin-
resident dendritic and Langerhans cells to act on peripheral sen-
sory neurons that express CCR4. CCL22, and to a lesser extent
CCL17, elicit acute mechanical and thermal hypersensitivity when
administered subcutaneously; this response abrogated by phar-
macological blockade or genetic silencing of CCR4. Electrophysio-
logical assessment of dissociated sensory neurons from naive and
postoperative mice showed that CCL22 was able to directly acti-
vate neurons and enhance their excitability after injury. These
responses were blocked using C 021 and small interfering RNA
(siRNA)-targeting CCR4. Finally, our data show that acute postop-
erative pain is significantly reduced in mice lacking CCR4, wild-
type animals treated with CCR4 antagonist/siRNA, as well as
transgenic mice depleted of dendritic cells. Together, these results
suggest an essential role for the peripheral CCL17/22:CCR4 axis in
the genesis of inflammatory pain via direct communication
between skin-resident dendritic cells and sensory neurons, open-
ing therapeutic avenues for its control.
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Surgical procedures are common, and the resulting pain is
often insufficiently managed and can become chronic if
poorly controlled (1, 2). The most-prominent cause of tissue
injury-induced pain is inflammation, through its complex and
dynamic interactions with the nervous system. Mechanisms gov-
erning neuro-immune interactions in pain states are not
completely understood, with most studies focusing on the role of
circulating immune cells (e.g., neutrophils, monocytes, and T
cells) (3-6) or central nervous system (CNS)-resident glia (7, 8).
Immune cells contribute to inflammatory pain by secreting medi-
ators that act directly on their cognate receptors expressed by
peripheral sensory neurons, modulating neuronal excitation and
pain transduction (9-12).

We previously identified a subset of nonneutrophil myeloid
(CD11b*Ly6C'™) cells that control mechanical hypersensitivity
in both complete Freund’s adjuvant (CFA) and postoperative
models of inflammatory pain (13). Our finding that CCR2*
circulating monocytes (which express high levels of Ly6C) do
not contribute to this inflammatory pain response suggests that a
population of tissue-resident myeloid immune cells likely mediate
these effects. Tissue-resident myeloid cells in the skin include
macrophages, dendritic (DC), Langerhans (LC), and mast cells.
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During peripheral inflammation, these resident immune cells are
activated as a first line of defense, including enhanced nociception
as a protective mechanism, and as such may contribute contribut-
ing to mechanical and thermal hypersensitivity (14). Thus, the
exact immune cells and mediators that mediate these effects to
develop and maintain pain behaviors remain unknown.

Previously, we have shown that expression of CCL17 and
CCL22 are significantly up-regulated in a subset of immune cells
that control pain outcomes during inflammation (13). These che-
mokines are expressed by LCs and dermal DCs (DDCs), which
are present in the skin and act as a first line of defense in case of
injury or infection (15). Work from others suggests that sensory
neurons can stimulate skin-resident DC activation and inflam-
mation (16, 17). Furthermore, it has been shown that CCL17
mediates pain and inflammation in a murine model of arthritis;
inhibition of the chemokine ameliorated both pain and disease
outcomes (18-20). Currently, there is no evidence of a role for
CCL22 in the pain response. However, it has been demonstrated
that serum levels of this chemokine were associated with pain in
patients with osteoarthritis (21). Moreover, it has been suggested
that CCR4, the cognate receptor for CCL17 and CCL22, is asso-
ciated with neuropathic pain responses (22).

Significance

Interactions between the nervous and immune systems con-
trol the generation and maintenance of inflammatory pain.
However, the immune cells and mediators controlling this
response remain poorly characterized. We identified the cyto-
kines CCL22 and CCL17 as secreted mediators that act directly
on sensory neurons to mediate postoperative pain via their
shared receptor, CCR4. We also show that skin-resident den-
dritic cells are key contributors to the inflammatory pain
response. Blocking the interaction between these dendritic
cell-derived ligands and their receptor can abrogate the pain
response, highlighting CCR4 antagonists as potentially effec-
tive therapies for postoperative pain. Our findings identify
functions for these tissue-resident myeloid cells and uncover
mechanisms underlying pain pathophysiology.
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Using a robust and validated model of surgical wound, we
provide evidence that CCL17 and CCL22, produced by DCs
infiltrating the lesion, act through CCR4 on peripheral sensory
neurons to elicit the development of inflammatory pain. We
report a direct activation of nociceptors by CCL22 and show
that loss of DCs abrogates the postoperative pain response.
These findings may provide therapeutic avenues for the treat-
ment of postoperative pain.

Results

CCL17 and CCL22 Are Up-Regulated after Incisional Wound by Skin-
Resident DCs. Transcriptomic analysis was carried out on three
subsets of nonneutrophil myeloid cells (CD11b*Ly6G™) sorted
using flow cytometry from the hindpaw 24 h after incisional
wound (13), using expression of the cell-surface antigen Ly6C
(i.e., Ly6C"/med19) " t5 obtain mechanistic insight into their
functional states. The Ly6C'® population, which we previously
showed mediate to mechanical hypersensitivity in inflammatory
pain, displayed high expression of CCL17 and CCL22 relative
to Ly6C™ and Ly6C™ cells (Fig. 14). We subsequently evalu-
ated the temporal expression of these two chemokines in the
inflamed hindpaw following postoperative wound. CCL17
expression increased at 3 and 6 h postinjury, returning to basal
levels by 24 h (Fig. 1B). CCL22 expression appears to occur in
a later phase, with an increase 1 h after injury and again at 6,
24, and 72 h (Fig. 1C). Collectively, these results confirm that
CCL17 and CCL22 are expressed in the skin after injury.

CCL17 and CCL22 are expressed transiently in peripheral
immune cells, such as myeloid DCs, endothelial cells, keratino-
cytes, and fibroblasts (23). LCs produce high levels of CCL22
and CCL17 constitutively during culture, even without exoge-
nous stimuli (15). Thus, we hypothesized that myeloid DCs,
which include LCs and DDCs, would be the major cell types
involved in CCL17 and CCL22 production. Indeed, analysis of
naive and activated immune cell subsets from the Immunological
Genome database (24) found these two chemokines to be prefer-
entially expressed in DCs (Fig. 1D). We then used immunofluo-
rescence to assess coexpression of CD1lc (a pan-DC marker)
and CD207 (a LC-specific marker) with CCL17 and CCL22 in
the skin after incisional wound. We observed that CD11c+ cells
expressed both CCL17 (Fig. 1E and SI Appendix, Fig. S14) and
CCL22 (Fig. 1F and SI Appendix, Fig. S1B) after incisional
wound. Similarly, we detected CCL17 and CCL22 expression on
LGCs after injury (SI Appendix, Fig. S2 A and B). Interestingly, the
expression of both chemokines was restricted to the injury site,
with little expression detected at sites away from the incision
(81 Appendix, Fig. S3 A and B). Thus, the results obtained cor-
roborate our initial assumption that DCs (including LCs) are the
main source of these chemokines after injury.

CCL17 and CCL22 Elicit Acute Pain Behaviors. Since an up-regulation
of CCL17 and CCL22 was observed after injury, we evaluated
whether these chemokines may be involved in the development
of pain. Standard pain behavior assays were used to assess
changes in mechanical, thermal heat, and cold responses before
and after mice received an intraplantar injection of either
recombinant CCL17 or CCL22 or a combination of both. While
neither chemokine was able to elicit a nociceptive response in
the first 5 min after injection (e.g., licking/biting or flinching of
the affected hindpaw), both caused significant reductions in
mechanical threshold as early as 1 h after treatment, reaching
peak hypersensitivity at 3 h postinjection; thresholds returned to
baseline levels by 24 h (Fig. 2 A and D). Injection with CCL17
resulted in a less-intense mechanical pain response than with
CCL22, with thresholds returning to basal levels 6 h after injec-
tion at all three doses used (Fig. 24). Meanwhile, injection with
300 nM CCL22 resulted in a more-robust response, with
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significantly reduced mechanical thresholds observed up to 6
h after treatment (Fig. 2D). Significant differences in mechani-
cal sensitivity were not observed between the 30- and 300-nM
injections of either CCL17 or CCL22. The combination of both
CCL17 and CCL22 did not show an additive effect in mechani-
cal pain responses (SI Appendix, Fig. S44).

Changes in heat hypersensitivity were only observed follow-
ing treatment with CCL22 and only with the highest dose used
(300 nM; Fig. 2E). Lastly, CCL17 and CCL22 were both capa-
ble of inducing dose-dependent cold hypersensitivity, though
only at 30- and 300-nM concentrations (Fig. 2 C and F). Com-
binatorial treatment with these chemokines resulted in the
development of cold hypersensitivity from 1 to 6 h after intra-
plantar injection (SI Appendix, Fig. S4C). Altogether, these
results indicate that CCL17 and CCL22 induce dose-dependent
pain behavior responses in naive mice.

Pharmacological Blockade of CCR4 Attenuates Pain Elicited by
CCL17 and CCL22. Preliminary dose-response experiments using
the CCR4 antagonist C 021 identified 2 mM as the minimum
effective dose required to block the pain response elicited by
intraplantar injection of CCL22 (SI Appendix, Fig. S5). Local-
ized injection of 2 mM C 021 to the hindpaw did not alter
mechanical or thermal hypersensitivity, nor were any signs of
inflammation observed. Thus, 2 mM C 021 was coinjected with
either CCL17 or CCL22 and pain responses observed over the
first 6 h. Blocking the interaction of CCL17 with CCR4 resulted
in significantly reduced mechanical hypersensitivity at 1 and 3 h
postinjection (Fig. 34). As expected, there was no effect on
heat hypersensitivity induced by CCL17 (Fig. 3B), while the
response to cold was significantly reduced at 3 h after injection
(Fig. 3C). Coinjection of the CCR4 antagonist with CCL22
resulted in significantly reduced mechanical and heat thresh-
olds (Fig. 3 D and E), while cold responses were significantly
reduced at 3 h (Fig. 3F). These results suggest that the mechan-
ical response is dependent on the interaction of these chemo-
kines with their receptor CCR4.

CCR4 Regulates Inflammatory Hypersensitivity but Not via Immune
Cells. Whether CCR4-signaling contributes to the inflammatory
pain response associated with tissue injury remained unknown.
We therefore assessed whether loss of CCR4 expression could
affect the inflammatory pain response associated with tissue
lesion, using the incisional wound model of postoperative pain.
Naive mice received an intraplantar injection of either C 021 or
saline 1 h prior to incisional wound and were assessed for changes
in mechanical and thermal hypersensitivity at 30 min prior to inci-
sional wound and after surgery. No changes in mechanical thresh-
olds were observed in animals treated with C 021 30 min after
injection. Treatment with C 021 resulted in a significant attenua-
tion of mechanical but not thermal hypersensitivity at 1 h after
surgery (Fig. 4 A and B). We then assessed whether blocking
CCR4 activation therapeutically, during the peak inflammatory
response, influences pain outcomes. Mice received intraplantar
injections of C 021 at 24 h after surgery, and pain outcomes were
assessed 1 h after treatment. C 021 significantly increased both
mechanical thresholds and latency to a heat stimulus (Fig. 4C
and D). Incisional wound was also carried out in CCR4™"~ and
littermate controls, and a significant attenuation of mechanical
pain hypersensitivity was observed from 24 to 72 h after injury in
CCR4 '~ mice (SI Appendix, Fig. S64). Absence of the CCR4
receptor did not alter thermal hypersensitivity (SI Appendix,
Fig. S6B). Given that incisional wound results in tissue damage,
we asked whether central/peripheral alterations may contribute
to these pain responses. We found a lack of change in expres-
sion of genes associated with injury-induced neuronal regenera-
tion (ATF3) or glial activation (P2X 2/4/7, CCL2, and GFAP)
centrally, with only a transient increase in ATF3 in the dorsal
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Fig. 1. CCL17 and CCL22 are up-regulated by skin-resident DCs after incisional wound. (A) Expression patterns of the 20 most-variable immune/inflammatory
genes from all expressed transcripts across CD11b*Ly6G~ myeloid cells were ranked by coefficient of variability. (B and C) CCL77 mRNA showed elevated
expression in the hindpaw early (3 to 6 h) after injury, while CCL22 mRNA was highest at later stages (24 to 72 h) (n = 5/timepoint). (D) Transcriptomic analysis
of immune cells shows preferential expression of both CCL17 and CCL22 among DC subsets. (E and F) Immunohistochemical analysis revealed colocalization of
both CCL17 and CCL22 in CD11c+ DCs at the site of injury at both 3 and 24 h after incision; Insets show high-magnification images at the site of incision.
Arrows point to immunopositive cells. (Scale bar, 50 pm.) Data are represented as mean + SEM; all data were analyzed using one-way ANOVA with post hoc

Bonferroni test (*P < 0.05, **P < 0.01, and ***P < 0.001 versus sham controls). Data are representative of at least n = 2 experiments.

root ganglia (DRG), suggesting that neither microglia nor
astroglia are activated after incisional wound (SI Appendix,
Fig. S7).

We next sought to identify the cells expressing CCR4 that
might regulate these nociceptive responses. We used the Immu-
nological Genome Project dataset (24) to evaluate its expression
across immune cell subsets, which are known to play an impor-
tant role in postoperative pain. We found that the receptor is
expressed primarily among off T cells and tissue-resident yd T
cells (SI Appendix, Fig. S84). Our previous work has shown that
af T cells do not contribute to inflammatory pain in postopera-
tive wounds and are recruited to the skin late after tissue injury
(13). While our previous work found that y3 T cells do not con-
tribute to incisional pain (25), we sought to identify whether this
was true for the direct effects of CCL17 and CCL22. We carried
out intraplantar injection with a combination of CCL17 and
CCL22 in TCR8 ™/~ mice, using their respective littermate con-
trols. Significant changes in mechanical (SI Appendix, Fig. S8B),
thermal (ST Appendix, Fig. S8C), or cold (SI Appendix, Fig. S8D)
hypersensitivity were not observed between the groups. Collec-
tively, these results suggest that CCR4 activation contributes to
inflammatory pain and its expression in T cells does not contrib-
ute to this response but instead uses another cellular mechanism
to modulate hypersensitivity.

Activation of CCR4 Alters Sensory Neuron Excitability. We then
investigated whether CCR4 was expressed by peripheral sensory
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neurons. Transcriptomic analysis of four peripheral neuron sub-
sets (26) shows that CCR4 is weakly expressed among sensory
neurons in nawve mice (SI Appendix, Fig. S9A4); this expression
does not change after incisional wound (SI Appendix, Fig. S9B).
Moreover, CCR4 messenger RNA (mRNA) expression is lost
in the DRGs of CCR4 '~ mice, relative to wild-type littermates
(SI Appendix, Fig. S9C). Because CCL22 is known to have higher
affinity for CCR4 (27, 28) and was able to elicit a more-robust
response in our mice, we decided to focus our efforts on this
interaction. Genetic deletion of CCR4 (using CCR4 '~ mice)
resulted in attenuated thermal (heat and cold) and mechanical
responses to CCL22 injection compared to littermate controls
(SI Appendix, Fig. S10).

Acutely dissociated small-diameter DRG neurons from both
nawve and postoperative mice generated action potentials (AP)
in response to CCL22, but the AP firing was greater after inci-
sional wound (Fig. 4F). This effect in response to the chemo-
kine was reversible and blocked by a pretreatment with CCR4
antagonist (1 pM) (Fig. 4F). The increase in AP frequency
was associated with a slight rise in membrane depolarization
(Fig. 4G) but the AP threshold remained unchanged (Fig. 4H).
To assess whether CCR4-signaling was affecting voltage-gated
ionic conductance, we measured the neuronal activity evoked by
injected current. Neurons from naive mice exhibited an increase
in the frequency of AP upon exposure to CCL22 compared to
vehicle (Fig. 4]). Interestingly, neurons from the incisional wound
model showed a more-pronounced activity, to a level similar to
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Fig. 2. CCL17 and CCL22 elicit pain behaviors in naive animals. Male mice received an intraplantar injection of either CCL17 (n = 15/group) (A-C) or

CCL22 (n = 10/group) (D-F) at 3, 30, and 300 nM; saline (n = 10/group) was

used as a control. (A and D) Changes in mechanical hypersensitivity, measured

using von Frey monofilaments, show that both CCL17 and CCL22 cause dose-dependent reductions in threshold over the first 6 h after injection. (B and E)
Thermal heat hypersensitivity shows that CCL17 did not alter thermal thresholds at any dose examined, while CCL22 exhibited a dose-dependent
response. (C and F) CCL17 primarily evoked a cold response at 3 and 6 h, while CCL22 exhibited a dose-dependent response early after injection. Data are
represented as mean + SEM; all data were analyzed using two-way ANOVA with post hoc Bonferroni test (*P < 0.05, **P < 0.01, and ***P < 0.001 versus
saline-treated controls). Data are representative of at least n = 2 experiments.

nave neurons exposed to CCL22. Additional application of
CCL22 on neurons postoperatively caused an increased activity
to a slighter higher level (Fig. 4 I and J).

Inhibition of Neuronal CCR4 Attenuates Pain Responses. To further
confirm that CCR4 is expressed in neurons, we specifically
targeted CCR4 expression in sensory neurons with small
interfering RNA (siRNA) using a well-described method
(29). CCR4-siRNA treatment resulted in significantly reduced
CCRA4 levels in the DRGs of mice relative to those injected with
control scrambled siRNA (scr-siRNA; Fig. 54). We then
performed intraplantar injections of CCL22 and observed
attenuated thermal and mechanical hypersensitivity in CCR4-
siRNA-treated mice (Fig. 5 B and C). Similarly, CCR4 knock-
down significantly reduced mechanical hypersensitivity induced
by tissue lesion but did not alter heat hypersensitivity responses
(Fig. 5D and E).

We next tested the effectiveness of CCL22 in altering neu-
ronal excitability following siRNA-mediated knockdown of
CCR4. Small-diameter DRG neurons were collected from
mice intrathecally injected with CCR4- or scr-siRNA, or
vehicle control, 24 h after injury. APs generated in response
to CCL22 were significantly reduced in neurons from mice
treated with CCR4-siRNA (Fig. 5 F and G). The increased
AP frequency was associated with a slight rise in membrane
depolarization for control neurons (scr-siRNA and vehicle),
while CCR4-siRNA neurons were not affected (Fig. SH); the
AP threshold remained unchanged for all groups investigated
(Fig. 5I). To assess whether CCR4-signaling affected voltage-
gated ion conductance, we measured the neuronal activity
evoked by injected current. Neurons from scr-siRNA mice
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showed a more-pronounced activity after exposure to CCL22,
while neurons from CCR4-siRNA-treated mice were unaffected
(Fig. 5 J and K). Collectively, these results suggest that peripheral
sensory neuron hyperexcitability is at least partially dependent on
CCR4 signaling, leading to an alteration in voltage-gated ion
channel function in DRG neurons that contributes to hyper-
sensitivity induced by activation of CCR4.

Skin-Resident DCs Control Postoperative Pain. Finally, we investi-
gated the cellular source contributing to postoperative pain
via CCR4. We focused our efforts on CD11c¢* DCs that we
have shown express CCL17 and CCL22 after tissue injury
(Fig. 1). These cells are locally depleted in CD11lc-DTR
mice (30) following intraperitoneal injection of diphtheria
toxin (DTX) (SI Appendix, Fig. S11 A and B). Significantly
reduced mechanical hypersensitivity was observed in mice
depleted of DCs, compared to transgenic CD11c-DTR mice
treated with saline or wild-type littermates treated with DTX
(Fig. 64). Heat hypersensitivity, however, was not affected by
loss of these cells (Fig. 6B). Moreover, DC-depleted mice
showed a reduction of both CCL22 and CCL17 mRNA and
protein expression at 24 h after incision (Fig. 6 C-E and SI
Appendix, Fig. 12 A-D), further suggesting that CD11c¢* DCs
are the main producers of these chemokines after tissue injury.
Finally, we carried out intraplantar injection of CCL22 in
CD11¢c-DTR mice and identified a partial recovery of the hyper-
sensitivity phenotype (Fig. 6 F and G). These results collectively
suggest that CCL17 and CCL22 are produced by CD11c¢* DCs
after tissue injury and contribute to the generation of inflamma-
tory pain responses.
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Fig. 3. CCL17 and CCL22 elicit pain through CCR4. Male mice received intraplantar injections of either 30 nM CCL17 (n = 5 to 10/group) or CCL22 (n =
10/group) with or without 2 mM of CCR4 antagonist C 021. Injection of the two chemokines caused hypersensitivity, as previously observed. Addition of
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Discussion

Understanding the physiological mechanisms underlying inflamma-
tory pain, such as in postoperative wounds, may help identify new
therapeutic strategies. Recent work has highlighted the contribution
of circulating immune cells, such as monocytes, neutrophils, and T
cells, to the development and maintenance of pain (13, 31-35).
However, what role tissue-resident immune cells may play in this
pain response remains unclear. We therefore used the incisional
wound model of postoperative pain to evaluate the role of CCL17
and CCL22, two chemokines preferentially expressed by skin-
resident DCs, to the development of inflammatory pain. Our results
show that 1) CCL17 and CCL22 cause acute hypersensitivity in
nawve mice, acting through their cognate receptor CCR4, 2) block-
ing CCR4 activity using an antagonist results in reduced hypersensi-
tivity after tissue injury, 3) activation of CCR4 results in changes in
the electrophysiological properties of sensory neurons, and 4) DCs
control this inflammatory pain response via their secretion of these
two chemokines. While further studies are needed to understand
the consequences of this neuro-immune interaction, our work iden-
tifies the critical role of these cells and mediators in the pain
response. We used male mice to assess inflammatory pain out-
comes, but there is no suggestion in the literature that behavioral
outcomes are different between the sexes, and no publications
have addressed sexual dimorphism in the incisional wound
model. CFA injection resulted in similar changes to mechanical
threshold in both male and female mice (36). Furthermore, there
is extensive literature showing that a sexual dimorphism exists
for central inflammatory responses in pain (37). However, our
work here shows that peripheral inflammation is responsible for
the development of pain, which our previous studies suggest is
similar between male and female mice (25).

CCL17 and CCL22 are known mediators of T-cell develop-
ment in the thymus, play a role in the trafficking and activation
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of mature T cells, and are involved in the development of the
Th2 response (38). As such, both chemokines have been impli-
cated in Th2 inflammatory diseases including atopic dermatitis,
allergic asthma, and urticaria (23, 39-41). However, their role
in pain response is poorly understood. One of the first studies
identifying a role for these chemokines in the activation of sen-
sory neurons demonstrated that CCL17 and CCL22 increased
calcium influx in cultured rat DRGs neurons and that intra-
plantar injection of a high-dose of CCL22 was able to produce
mechanical hypersensitivity (42). More-recent studies linking
CCL17 to pain outcomes have focused on its up-regulation fol-
lowing intraplantar GM-CSF injection, in which CCL17 is neces-
sary for GM-CSF-driven inflammatory pain (18). Interestingly,
GM-CSF administration was also able to up-regulate the expres-
sion of TNF-a and IL-1p, known mediators of inflammatory
pain and sensory neuron activation/sensitization (43—45). On the
other hand, our study characterizes the direct contribution of
both CCL17 and CCL22 to acute pain. Potential interference by
other cytokines/immune mediators was avoided by measuring
changes in hypersensitivity early after the injection of the two
chemokines into the footpad. Thus, CCL17 and CCL22, without
the presence of other inflammatory molecules, are sufficient to
induce hypersensitivity via the CCR4 receptor.

CCR4-expressing cells candidates can be categorized in two
main groups: skin-resident immune cells or sensory neurons.
Among immune cells, several studies show that the receptor is
expressed predominantly on conventional T lymphocytes (46-48)
and y8 T cells (49). Our data show that intraplantar injection of
C 021 results in effective antagonism of pain over the first 3 h after
incision. There are no T lymphocytes detected in the mouse skin
at this time point (13). Therefore, it is likely that some other
cell(s) expressing CCR4 is activated in the early stages of tissue
injury. We hypothesized that y8 T lymphocytes would be the
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Fig. 4. CCR4 activation modulates postoperative pain and results in altered membrane properties and increased AP firing. (A and C) Mechanical hyper-
sensitivity was significantly reduced in animals in which CCR4 is inhibited 1 h before incision (n = 10/group). (B and D) Thermal hypersensitivity was signif-
icantly reduced in animals treated with C 021 24 h after incision. (E and F) CCL22 induces an increase in AP generation in cultured DRG neurons isolated
from both naive and 24 h postoperative mice, and this effect is partially reversed by pretreatment with CCR4 antagonist (1 pM) (naive: 0.025 + 0.01 Hz,
0.51 + 0.15 Hz after CCL22, and 0.44 + 0.22 Hz after CCR4 antagonist and CCL22; n = 5, 5, and 4 neurons recorded; incisional wound: 0.24 + 0.09 Hz, 2.54
+ 0.6 Hz after CCL22, and 0.049 + 0.18 Hz after CCR4 antagonist and CCL22; n = 9, 5, and 5 neurons recorded). (G and H) The increase in AP frequency is
associated with a membrane depolarization (from —57.82 + 1.35 mV to —49.8 + 1.38 mV, from —53.63 + 2.99 mV to —44.68 + 2.79 mV, and from —55.2 +
1.72 mV to —46.4 + 2.1 mV after CCL22 treatment in naive and incisional wound neurons, respectively; n = 10, 7, 8, 8, 8, and 8). However, the AP thresh-
old remained unchanged. (/ and J) CCL22 treatment increased the evoked neuronal activity as shown by these representative data and mean values on
the right (n = 7 and 5 for naive and incisional wound, respectively). The AP discharge was evoked by a 200-pA current injection (1 s) in control (Upper)
and 24 h after surgery (Lower). n = 4 mice/group in E-J. Data are represented as mean + SEM; all data were analyzed using two-way ANOVA with post
hoc Bonferroni test (*P < 0.05, **P < 0.01, and ***P < 0.001; # <0.05 and ## <0.01). Data are representative of at least n = 2 experiments.
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Fig. 5. CCR4 knockdown results in attenuated pain responses and reduced neuronal activity. (A) CCR4 expression in DRGs (normalized to p-actin) of mice
treated with scr-siRNA or CCR4-siRNA (n = 5/group). (B-E) Mechanical and thermal pain hypersensitivity were assessed in mice treated with CCR4- or scr-
siRNA. Mechanical (B) and thermal (C) hypersensitivity are reduced in mice treated with intraplantar CCL22 (n = X-X per group). Following surgical injury,
mechanical (D) but not thermal (heat) hypersensitivity (E) is reduced in mice treated with CCR4-siRNA relative to scr-siRNA (n = X-X per group). (F and G)
CCL22 induces an increase in AP generation in cultured DRG neurons isolated from both naive and 24 h postoperative mice, and this effect is completely
reversed by pretreatment with CCR4-siRNA but not with scr-siRNA (vehicle baseline: 0.23 + 0.14 Hz, 2.03 + 1.03 Hz after CCL22; scr-siRNA: 0.1 + 0.14 Hz,
1.71 + 1.16 after CCL22; CCR4-siRNA: 0.21 + 0.36, 0.13 + 0.07 after CCL22; n = 6, 6, 7, 7, 10, and 10 neurons recorded, respectively). (H) The increase in AP
frequency is associated with a membrane depolarization, blunted by CCR4-siRNA treatment (from —55.07 + 1.21 mV to —48.28 + 1.29 mV, from —55.65 +
1.55 mV to —48.79 + 1.37 mV, and from —56.92 + 1.34 mV to —55.64 + 1.55 mV after CCL22 treatment in vehicle, scr-siRNA, and CCR4-siRNA incisional
wound neurons, respectively; n = 7, 6, 8, 7, 12, and 10). (/) However, the AP threshold remained unchanged. (J and K) CCL22 treatment increased the
evoked neuronal activity as shown by these representative data and mean values on the right (n = 10 and 7 for CCR4-siRNA and scr-siRNA, respectively).
The AP discharge was evoked by a 200-pA current injection (1 s) in CCR4-siRNA (Upper) and scr-siRNA (Lower). n = 4 mice/group for vehicle and n = 6
mice/group for CCR4 and scr-siRNA in F-K. Data are represented as mean + SEM; all data were analyzed using two-way ANOVA with post hoc Bonferroni

test (*P < 0.05, **P < 0.01, and ***P < 0.001; # <0.05 and ## <0.01). Data are representative of at least n = 2 experiments.

major cell population expressing CCR4 and, thus, activated by
CCL17 and CCL22. However, our data showed that these cells
do not participate in the development or maintenance of pain
in response to CCL17 and CCL22. Other cells in the skin known
to express CCR4 include CD56*CD16~ NK cells, which are acti-
vated by CCL22 (50, 51), and a subset of skin-resident T cells
(CLA™ memory Tcells) (52). Whether these two cell types play a
role in the CCL17/22:CCR4 pain axis remains unknown and sug-
gests that CCL17 and CCL22 likely mediate their pronociceptive
effects via peripheral sensory neurons.

Expression of CCR4 in peripheral sensory neurons is sup-
ported by our analysis of transcriptomic data from isolated
DRG neurons. Others have shown similar results in mouse sen-
sory neuron datasets across all both myelinated and unmyelin-
ated subsets (53) and across sexes in mice (54); human and
macaque DRG neurons have also been shown to express CCR4
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(55-58). Our electrophysiological assessment of CCR4 activa-
tion by CCL22 in primary sensory neurons provides further
proof that the receptor is indeed functional and mediates
hyperexcitability of small-size sensory neurons. Though we did
not determine which conductance was altered in these neurons,
the evoked excitability suggests a change in the function and/or
expression of the voltage-gated ion channels in response to
CCL22. Interestingly, the more-depolarized, resting membrane
potential observed postsurgery could also account for a decrease
in the threshold of AP (59), thus triggering spontaneous pain that
arises as a result of ectopic AP firing. It remains to determine
what conductance among voltage-gated K* currents (M chan-
nels, K2P, and 4-aminopiridine-sensitive Ky channels), or even
hyperpolarization-activated, cyclic, nucleotide-gated, voltage-
gated Na*, and T-type Ca”* channels that, to a lesser extent, also
contribute to adjust the resting membrane potential (60-64) are
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Fig. 6. DCs regulate the development of mechanical hypersensitivity in postoperative pain. Incisional wound was carried out in CD11c-DTR*~ mice
treated with injections of DTX to deplete DCs or saline as control; wild-type littermates were treated with DTX as an additional control (n = 10/group).
(A) Mechanical hypersensitivity was abrogated in mice lacking DCs. (B) Thermal hypersensitivity was not altered between the groups. (C and D) CCL22 (C)
and CCL17 (D) mRNA expression 24 h after incisional wound are significantly increased in the hindpaw of CD11c-DTR* ™ mice treated with saline, but not
in those treated with DTX, relative to naive CD11¢-DTR*Y~ mice (n = 7/group). (E) Protein levels of CCL22 and CCL17, measured by histology, are similarly
reduced in the hindpaw of CD11¢-DTR*~ mice treated with DTX but not in those treated with saline. (F) Mechanical hypersensitivity is partially recovered
in surgically injured CD11c-DTR*™ mice treated with DTX when injected with CCL22 in the hindpaw compared to animals that received saline injections
(n = 5/group). (G) Thermal (heat) hypersensitivity is not affected by this CCL22 treatment. Data are represented as mean + SEM; data are analyzed using
two-way ANOVA with post hoc Bonferroni test (A and B) or one-way ANOVA with post hoc Bonferroni test (*P < 0.05, **P < 0.01, and ***P < 0.001).

Data are representative of at least n = 2 experiments.

affected by CCL22-CCR4 signaling. Overall, our results suggest
that activation of peripheral sensory neuron-expressed CCR4
contributes to pain-enhancing effects of these chemokines.

The differential behavioral responses observed after injec-
tion of CCL17 and CCL22 bring about the possibility that their
activation of CCR4 results in differential activation of the recep-
tor. Indeed, there is evidence in the literature that while CCL22
and CCL17 presented similar affinity to CCR4, they are confor-
mationally selective ligands for the receptor (28). CCL22 showed
dominance over CCL17 in receptor endocytosis assays (27) and
competitive binding assays despite the chemokines having similar
potency in eliciting calcium flux and inducing chemotaxis (28).
This disparity may be due to the differential response observed
in the internalization of CCR4 by the two chemokines. CCL22 is
a potent and rapid inducer of CCR4 internalization through cou-
pling with B-arrestin, while CCL17 is not capable of mediating
these effects (27, 65). Further, there are two distinct conforma-
tions of CCR4, in which the predominant conformation is acti-
vated by both CCL17 and CCL22 and the minor conformation is
only activated by CCL22 (28). These previous findings are in line
with our work here, in which only CCL22 elicited thermal (heat)
responses. It is possible that higher concentrations of CCL17
may also cause increased thermal responses, though this also
increases the possibility of off-target effects.

Finally, our DC-depletion experiments, using CD11c-DTR
mice, provides evidence of a critical role for these skin-resident
immune cells in the development of inflammatory pain. Our
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initial study showing that depletion of CD11b* myeloid cells
results in a loss of mechanical hypersensitivity (13) provided
the impetus for this work, in which we had shown that deple-
tion of Ly6C'® myeloid cells in the skin resulted in the loss of
mechanical hypersensitivity in the incisional model of pain.
This data suggested that a tissue-resident myeloid cell mediated
the altered pain outcomes observed. DCs are antigen-presenting
cells and can be divided into two main populations in the skin—
epidermal LCs and DDCs (66). The CD11¢c-DTR mice used in
our study depletes both LCs and DDCs (67). While little is
known of the role of DCs in inflammatory pain, their contribution
to neuroimmune responses in the skin has been well documented.
LCs have been shown to play an important role in contact hyper-
sensitivity (68-70), while DDCs have been shown to modulate
Th17 responses (16, 71). Further elucidating the contribution of
DCs to inflammatory and neurogenic responses will be critical to
understanding their role in acute pain.

The discovery of a role for the CCL17/CCL22:CCR4 axis in
postoperative pain provides opportunities for the development of
therapeutics. Small-molecule antagonists of CCR4 have been
generated by others and evaluated in animal models of allergic
diseases, with promising results (72, 73). However, most com-
pounds are still only available preclinically. A promising candi-
date, GSK2239633, was discontinued after a phase I trial in
healthy male subjects, because the compound did not reach the
minimum target level of >90% CCR4 inhibition in whole blood
(74). Moreover, several CCR4 antibodies are being developed for

Raymondi Silva et al.

Skin-resident dendritic cells mediate postoperative pain via CCR4 on sensory neurons



Downloaded from https://www.pnas.org by Escola Sup Agricultura- USP on February 14, 2023 from | P address 143.107.204.145.

cancer treatment. Mogamulizumab, a fully humanized monoclo-
nal antibody specific for CCR4, promotes antibody-dependent
cellular cytotoxicity of CCR4* T cells and is potentially effective
in the treatment of adult T cell leukemia/lymphoma (75). These
antibodies were not tested in our study given their cytotoxic prop-
erties; the doses provided in humans may be effective at targeting
CCR4" T cells with high receptor expression but not the sensory
neurons that likely express lower levels of CCR4. Development
of antibodies or small molecules specifically targeting CCR4 in
sensory neurons may provide an effective treatment of postopera-
tive pain.

Materials and Methods

For a detailed description of the materials and methods, please refer to
Sl Appendix.

Experimental Animals. All work was performed in 6- to 12-wk-old C57BL/6J
male mice. CD11¢-DTR/GFP, Lang-DTREGFP, and CCR4~"~ mice were used for
some of the experiments. The institutional animal care and use committees
of Queen’s University approved all animal care and procedures (Protocols
# 2015-1562 and 2019-1963) under guidelines of the Canadian Council on
Animal Care.

Drugs. The following drugs were used: recombinant CCL17 and CCL22 were
purchased from BioLegend. The CCR4 antagonist C 021 (CAS 864289-85-0)
was purchased from MilliporeSigma.

CD11c+ DC Depletion. The depletion of CD11c+ cells was performed as
described elsewhere (30). Briefly, heterozygous CD11c-DTR/GFP were treated
with DTX and used for the experiments 24 h after the injections.

Incisional Wound Surgery. Sterile tissue injury-based peripheral inflammation
was induced by using a deep plantar incision of the left hind paw using a mod-
ification of a technique previously described (76).

CCR4 Knockdown in DRGs. The CCR4 knockdown in DRGs was performed as
described elsewhere (29, 44). Briefly, CCR4 and control siRNA (Thermo
Fisher Scientific) were mixed to in vivo jetPEI® (Polyplus). A total of 3 pg of
siRNA were intrathecally injected in the space between L4 and L5 for 3 con-
secutive d. Incisional wound or CCL22 injections were performed 24 h after
the last siRNA treatment.

Thermal and Mechanical Behavioral Analysis. Mice were assessed for thermal
and mechanical hypersensitivity as previously described (13). Mechanical
threshold was measured using von Frey monofilaments (Ugo Basile). The Plan-
tar Analgesia Meter (Hargreaves's test; IITC Life Science) was used to assess
response latency to a radiant heat stimulus. Cold hypersensitivity was mea-
sured using the acetone test (77).

RNA Extraction and Real-Time PCR. RNA extraction of the skin and transcrip-
tion of total RNA to complementary DNA (cDNA) were performed. and real-
time PCR using primers specific for the mouse genes Cc/17, Ccl22, and Ccr4 and
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Gapdh was performed. Reactions were conducted using the SYBR green fluo-
rescence system (Thermo Fisher Scientific). The data were analyzed with the
2 22% method and expressed relative to control samples.

Paw Immunofluorescence. The skin of the hindpaw from CD11¢-DTR/GFP and
Lang-DTREGFP was removed and frozen in Tissue-Tek Optimal Cutting
Temperature (OCT) compound (Thermo Fisher Scientific). Serial 14-um sec-
tions were collected, blocked with 1% bovine serum albumin (BSA), and
incubated with anti-CCL17 or CCL22 antibodies. After washing, secondary
antibodies were added. Images were captured using and analyzed.

Western Blot Analysis. DRGs were homogenized, and total protein concen-
trations were determined. The proteins were loaded and separated on 10%
sodium dodecyl sulphate—polyacrylamide gel electrophoresis and then trans-
ferred to polyvinylidene fluoride membranes. The membranes were blocked
with 5% BSA and incubated with primary antibodies, followed by incuba-
tion with horseradish peroxidase-conjugated secondary antibodies. Immu-
nodetection was performed, and the density of bands was quantified.

Electrophysiological Measurements. DRG neurons were excised from mice at
24 h postincision enzymatically dissociated collagenase/dispase solution and
resuspended in culture medium. Individual neurons were dispersed by tritura-
tion through a fire-polished glass Pasteur pipette and cultured overnight. Cur-
rent clamp experiments were performed using small-diameter mouse DRG
neurons on the stage of an inverted epi-fluorescence microscope (Olympus
IX51). Borosilicate glass (Harvard Apparatus Ltd.) pipettes were pulled and pol-
ished to 3 to 5 MQ resistance with a DMZ-Universal Puller (Zeitz-Instruments
GmbH). Recordings were performed using an Axopatch 200B amplifier (Axon
Instruments). Current clamp protocols were applied using pClamp 10.5 soft-
ware (Axon Instruments). Data were filtered at 1 kHz (8-pole Bessel) and digi-
tized at 10 kHz with a Digidata 1440 A converter (Axon Instruments).

Statistics. Data are reported as mean + SEM. Two-way repeated measures-
ANOVA was used to compare the groups and doses at the different times.
The normality of data was analyzed by D’Agostino and Pearson tests. If the
responses were measured only once, the differences were evaluated by one-
way ANOVA followed by Tukey's t test. P values less than 0.05 were consid-
ered significant. Statistical analysis was performed with Prism 8 (GraphPad).
For electrophysiology, the data analysis was completed using Clampfit 10.4
(Axon Instruments), and all electrophysiology curves were fitted using Origin
7.0 analysis software (OriginLab).

Data Availability. All study data are included in the article and/or S/ Appendix.
Microarray data analyzed was previously deposited in PubMed Gene Expres-
sion Omnibus (GSE73667).
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