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Purpose: Nerve injury-induced mechanical hyper-sensitivity, in particular stroking-induced
dynamic allodynia, is highly debilitating and difficult to treat. Previous studies indicate that
the immunosuppressive regulatory T (Treg) cells modulate the magnitude of punctate
mechanical allodynia resulting from sciatic nerve injury. However, whether enhancing Treg-
mediated suppression attenuates dynamic allodynia is not known. In the present study, we
addressed this knowledge gap by treating mice with low-dose interleukin-2 (1d-IL2) injec-
tions or adoptive transfer of Treg cells.

Methods: Female Swiss Webster mice received daily injections of 1d-IL2 (1 pg/mouse, intraper-
itoneally) either before or after unilateral spared nerve injury (SNI). Male C57BL/6J mice received
adoptive transfer of 1 x 10° Treg cells 3 weeks post-SNI. The responses to punctate and dynamic
mechanical stimuli on the hindpaw were monitored before and up to 4-6 weeks post-SNI. We also
compared the distribution of Treg cells and CD3" total T cells after SNI and/or 1d-IL2 treatment.
Results: Ld-IL2 pretreatment in female Swiss Webster mice completely blocked the devel-
opment of SNI-induced dynamic mechanical allodynia and reduced the magnitude of punc-
tate allodynia. Delayed 1d-IL2 treatment in female mice significantly attenuated the
morphine-resistant punctate and dynamic allodynia at 3—5 weeks post-SNI. Adoptive transfer
of Treg cells to male C57BL/6J mice 3 weeks post-SNI effectively reversed the persistent
punctate and dynamic allodynia, supporting that the effect of 1d-IL2 is mediated through
endogenous Treg cells, and is likely independent of mouse strain and sex. Neither 1d-1L2
treatment nor Treg transfer affected the basal responses to punctate or brush stimuli. Ld-IL2
significantly increased the frequency of Treg cells among total CD3" T cells in the injured
sciatic nerves but not in the uninjured nerves or the dorsal root ganglia, suggesting the
injured nerve as 1d-IL2’s site of action.

Conclusion: Collectively, results from the present study supports Treg as a cellular target
and 1d-IL2 as a potential therapeutic option for nerve injury-induced persistent punctate and
dynamic mechanical allodynia.

Keywords: spared nerve injury, chronic pain, punctate allodynia, dynamic allodynia, low-
dose interleukin-2, regulatory T cell

Introduction
About 7-10% of the general population suffer from neuropathic pain that results from
damage to the somatosensory nervous system.' Mechanical hyper-sensitivity, especially
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the dynamic allodynia evoked by stroking stimuli (brush or
gentle touch), is one of the most debilitating and prevalent
symptoms of neuropathic pain, and is often resistant to current
treatments.> In animal models of neuropathic pain, morphine
attenuates punctate allodynia evoked by von Frey filaments at
early (< 2 weeks post-injury) but not late stage;* ® whereas the
dynamic allodynia is resistant to morphine treatment at all
stages.*® Likewise, current pharmacotherapy only achieve
less than 50% reduction of pain severity in about 30% neuro-
pathic pain patients.”

Regulatory T (Treg) cells are a specialized subpopulation
of CD4" T cells that express high-level of transcription factor
Foxp3 and the high-affinity interleukin-2 (IL2) receptor
CD25.% They employ multiple mechanisms to suppress the
activation and proliferation of all other immune cells to
maintain immune homeostasis.® In mouse models of sciatic
nerve injury, the number of Treg cells is reduced in the
spleen’ but is increased in the injured nerves, the ipsilateral
draining lymph nodes, dorsal root ganglia (DRG), and the
dorsal horn of the spinal cord.'®™"" Nerve injury-induced
cutaneous punctate mechanical allodynia is exacerbated by
the depletion of endogenous Treg cells, and is attenuated by
the increase in Treg cell number.’'* However, whether
enhancing Treg number and/or function ameliorates the mor-
phine-resistant dynamic allodynia has not been tested.

Results from many preclinical and clinical studies have
supported low-dose interleukin-2 (Id-IL2) treatment as a safe
and effective treatment for multiple autoimmune and neuro-
degenerative diseases through enhancing Treg-mediated
immunosuppression.'> 7 Ld-IL2 effectively reverses beha-
vioral sensitization in several mouse models of chronic head-
ache disorders without altering basal nociceptive responses
or inducing tolerance.'® A recent study reports that 1d-IL2
given soon after nerve injury mildly attenuates early punctate
allodynia (< 2 weeks post-injury) through inhibition of the
Th1 response at the injured nerve.'® In this study, we inves-
tigated whether 1d-IL2 treatment and Treg cell transfer are
effective for the prolonged punctate and dynamic allodynia
resulting from peripheral nerve injury. Since nerve injury-
induced mechanical allodynia affects both males and female,
we tested the effects of 1d-IL2 in outbred female Swiss
Webster mice and the effects of Treg adoptive transfer in
inbred male C57BL/6J mice, respectively. In the mouse
model of spared nerve injury (SNI), 1d-IL2 treatment attenu-
ated the punctate allodynia as well as the dynamic allodynia
more than 3 weeks after SNI without affecting basal
responses to punctate or brush stimuli. The effects of 1d-1L2
were recapitulated by the adoptive transfer of Treg cells,

independent of mouse sex and/or strain. Ld-IL2 significantly
increased the frequency of Treg cells among total CD3"
T cells in the injured sciatic nerves but not in the uninjured
nerves or the DRG. Collectively, the present study supports
Treg cell as a promising target for treating nerve injury-
induced punctate and dynamic allodynia and 1d-IL2 as
a potential treatment option.

Materials and Methods

Mice

All procedures were carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health
and were approved by the Institutional Animal Care and
Use Committee at Washington University in St. Louis (#19-
0895). All efforts were made to minimize the number of
mice used and their suffering. To avoid social isolation
stress, all mice were group housed (2-5 per cage, same
sex) in the animal facility of Washington University in
St. Louis on a 12-hour light—dark cycle with constant tem-
perature (23-24°C), humidity (45-50%), and food and
water ad libitum. All experiments were performed during
the light phase (9 am to 4 pm). Female Swiss Webster mice
(Charles River, O’Fallon, MO, USA) and male C57BL/6J
mice (Jackson Laboratory, Ellsworth, ME, USA, 8-14
weeks old) were used in the behavioral experiments.

The DEREG (depletion of regulatory T cell) mice
contain a transgenic allele that expresses the diphtheria
toxin receptor-enhanced green fluorescent protein (DTR-
EGFP) fusion protein under the control of the genomic
sequences that regulate the expression of endogenous
Foxp3.'” DEREG breeders (32050, Jackson Laboratory)
were crossed with C57BL/6J mice to generate heterozy-
gotes as a reporter line for Foxp3" Treg cells.

Mouse Model of SNI

We used the modified SNI model because it is highly repro-
ducible, easy to perform and relatively noninvasive in mice.*
Briefly, mice were anesthetized with 3-4% isoflurane in an
induction chamber until losing the righting reflex. Anesthesia
was maintained by 1.5-2% isoflurane through a nose cone.
After skin and muscle incision to expose the right sciatic nerve
in the thigh region, we tightly ligated two branches (sural and
common peroneal nerves) with 7-0 silk suture (Braintree
Scientific, Braintree, MA, USA) and transected ~2 mm of
the nerve distal to the ligature.® The third branch of the sciatic

nerve (tibial nerve) was left intact, and caution was taken not
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to stretch or contact the spared nerve. In sham mice the right
sciatic nerve and its branches were exposed but were not
touched. After the surgery, the overlying muscle and skin
layers were closed separately with 6-0 vicryl suture and inter-
rupted nylon suture for the skin incision, respectively.

Behavioral Tests
Mice were extensively handled by the experimenters for 2
weeks and were well-habituated to the test room and the
test apparatus before each experiment. The experimenters
were blinded to the treatments mice received during data
collection and analysis.

Response to Punctate Mechanical Stimuli on the
Hindpaw

Mice were habituated in individual clear plexiglass boxes
(11 x 11 x 15 cm) for 1-2 hours. A series of calibrated von
Frey filaments were used to apply mechanical stimuli to
the medial plantar surface of the hindpaw (the tibial nerve
territory). We used the up-down paradigm to determine the
50% withdrawal threshold.”!

Response to Dynamic Mechanical Stimuli on the
Hindpaw

Mice were habituated in individual clear plexiglass boxes
(11 x 11 x 15 cm) for 1-2 hours. The medial plantar
surface of the hindpaw (tibial nerve territory) was stimu-
lated by light stroking with a blunt paintbrush (5/0,
Princeton Art & Brush Co., Princeton, NJ, USA) from
heel to toe at ~2 cm/second. The behavior was scored as
described previously.* Score 0 indicates no evoked move-
ment or lifting the stimulated paw for less than 1 second.
Score 1 indicates a sustained lifting (more than 2 seconds)
of the stimulated paw toward the body or a single gentle
flinching of the stimulated paw. Score 2 indicates a strong
lateral lift of the stimulated paw above the level of the
body or a startle-like jump. Score 3 indicates multiple
flinching or licking of the stimulated paw. Each paw was
tested 3 times, with minimal interval of 3 minutes. The
scores of 3 tests were averaged to indicate the response to
dynamic mechanical stimuli.

Ld-IL2 Treatment

Recombinant mouse IL2 (carrier-free, Biolegend, San
Diego, CA, USA) was freshly diluted from the stock
(0.5-1 mg/mL aliquots at —80°C) every day. Each mouse
received daily intraperitoneal (ip) injections of 1 pg IL2 in
100 pL saline at various durations. The control mice
received daily ip injections of 100 pL saline. Note that

on the days that the mouse behaviors were tested, IL2 was
always injected after completing the behavioral tests. In
the first experiment, female Swiss Webster mice were
treated with daily 1d-IL2 or saline from 5 days before
SNI to 21 days post-surgery. In the second experiment,
female Swiss Webster mice were treated with daily 1d-1L2
or saline between day 7 and 28 post-surgery.

Isolation and Adoptive Transfer of Treg

Cells

First, adult C57BL/6J mice (8-12 weeks old) received
daily injections of 1d-IL2 for 12 days, as Treg cells from
IL2-treated mice have been shown to exhibit stronger
suppressive activity compared with those from saline-
treated mice.'”*> Next, CD25'CD4" Treg cells and
CD25 CD4" cells were isolated from splenocytes through
CD4" T cell negative selection followed by a CD25" T cell
positive selection using EasySep mouse CD4" T cell pre-
enrichment and CD25 positive selection kits (18783, Stem
Cell Technologies, Cambridge, MA, USA). Male C57BL/
6] mice (8-14 weeks old) received 1 x 10° Treg or
CD25 CD4" cells via the tail vein 23 days post-SNI sur-
gery. In a previous study, we have verified that the trans-
ferred cells contain 84% CD25'CD4" cells and 76%
Foxp3'CD25'CD4" cells.'®

Tissue Preparation,
Immunohistochemistry, and Image
Analysis

DEREG mice were euthanized with ip injection of barbitu-
rate (200 mg/kg) and were transcardially perfused with
warm 0.1 M phosphate-buffered saline (pH 7.2) followed
by cold 4% formaldehyde in 0.1 M phosphate buffer (PB,
pH 7.2) for fixation. Lumbar spinal cord, L4 DRGs, the
proximal ends of the ligated sciatic nerves (approximately
2 mm length) as well as the contralateral uninjured nerves at
the same level were dissected out, post-fixed for 4 hours,
protected overnight at 4°C in 0.1 M PB with 30% sucrose
and embedded in Optimal Cutting Temperature compound.
DRG and nerves were sectioned at 15 um in the transverse
plane using a cryostat, collected on Superfrost Plus glass
slides in sequence and stored at —20°C.

One in every 3 serial sections were used for individual
described
previously.'®?* T cells were identified by the rat anti-
CD3 antibody (clone 17A2, 1:200, eBioscience, San
Diego, CA, USA) and Treg cells were identified with the

immunohistochemistry ~ experiments  as
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chicken anti-EGFP antibody (1:1000, AVES Lab, Tigard,
OR, USA) in tissues from DEREG mice. AlexaFluor 568-
or 488-conjugated secondary antibodies (Invitrogen,
Carlsbad, CA, USA) were used at 1:1000 dilution. CD3"*
T cells and EGFP" Treg cells were quantified under a 40x
objective on a Nikon TE2000S inverted epifluorescence
microscope. All cells on individual sections were counted.
Images of individual sections were captured by an
Olympus NanoZoomer Whole-Slide Imaging System
(Hamamatsu, Japan). The areas of individual sections
NDP.view2
(Hamamatsu). The cell density in individual mice was

were measured with  the software
calculated as total cell number divided by total sectional
area. Representative images were adjusted for contrast and
brightness using the same parameter within individual
experiments. No other manipulations were made to the
images. Image analysis was done with experimenters

blinded to the experimental groups.

Statistical Analysis

For behavioral experiments, power analysis was conducted
to estimate sample size with > 80% power to show an
effect size of 0.8, alpha (two-sided) of 0.05, and a simple
covariance structure for repeated measures. For immuno-
histochemistry, sample size was estimated based on our
previous experience.

All data were reported as mean + standard error of the
mean. The Shapiro—Wilk test was used to check data
normality. Statistical significance between or within
experimental groups was assessed by two-tailed r-test,
ANOVA (analysis of variance, one-way or two-way, with
or without repeated-measures [RM]) with multiple com-
(Student-Newman-Keuls
Dunnett’s test or z-test with Bonferroni correction) where

parisons method, post hoc

appropriate, using Origin (OriginLab, Northampton, MA,
USA) and Statistica (StatSoft, Tulsa, OK, USA) software.
Differences with p < 0.05 were considered statistically
significant. The statistical analysis for individual experi-
ments was described in figure legends.

Results

Ld-IL2 Pretreatment Attenuates
SNI-Induced Punctate Allodynia and
Prevents the Development of Dynamic
Allodynia

To model neuropathic pain, we ligated and transected two
branches of the right sciatic nerve (sural and common

peroneal nerves) in female Swiss Webster mice and mea-
sured the responses to punctate (von Frey filaments) and
dynamic (paintbrush) mechanical stimuli on the medial
plantar surface of the right hindpaw, the territory of the
spared tibial nerve. SNI resulted in a significant decrease
in mechanical threshold to punctate stimuli between 2 and
22 days post-SNI (Figure 1A, SNI+saline group), consis-
tent with the previous study.”® The right paws also exhib-
ited dynamic allodynia to brush stimuli that lasted at least
till 31 days post-SNI (Figure 1B, SNI+saline group), in
line with the previous report.*

Daily administration of 1d-IL2 for up to 8 weeks has been
shown to selectively boost Treg cells in patients with many
self-reactive T cells.”* Here, we treated female Swiss Webster
mice with daily 1d-IL2 (1 pg/mouse/day, ip) or saline, starting
5 days before SNI and continuing till 21 days post-surgery.'®
Basal punctate and dynamic mechanical sensitivity was not
altered by 5 days of 1d-IL2 injections (Figure 1, SNI+saline
versus SNI+IL2, Day 0). In saline-treated mice, the withdra-
wal threshold to von Frey filaments decreased to about 20% of
the baseline value between 4-22 days post-SNI. In IL2-treated
mice, SNI caused an average of 50% reduction of the with-
drawal threshold (Figure 1A). The integrated area over the
time-effect curves (AOCs) calculated from day O baseline
to day 22 post-SNI showed that 1d-IL2 pretreatment signifi-
cantly attenuated the magnitude of nerve injury-induced punc-
tate allodynia (Figure 1B). In addition to punctate allodynia,
SNI induced dynamic allodynia to brush stimuli in saline-
treated mice but not in mice that received 1d-IL2 pretreatment
(Figure 1C). Both the time course and AOC of dynamic
allodynia indicated that 1d-IL2 pretreatment prevents the
development of nerve injury-induced hyper-sensitivity to
brush stimuli (Figure 1C and D).

SNI-Induced Punctate and Dynamic
Mechanical Allodynia are Reversed by
Ld-IL2 Treatment

We went on to test whether delayed 1d-IL2 treatment reverses
SNI-induced punctate or dynamic allodynia. We started the
3-week 1d-IL2 treatment 7 days post-SNI, at which time the
punctate allodynia was well established on the ipsilateral
(right) paws (Figure 2A, SNI+saline and SNI+IL2 groups).
SNI-induced punctate allodynia persisted for at least 28 days
without treatment (Figure 2A, SNI+saline group). The
mechanical threshold started to reverse after 3 days of 1d-IL2
treatment (Figure 2A, SNI+IL2 group, day 10). After 7 days of
IL2 treatment, the mechanical threshold of mice in the SNI
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Figure | Pretreatment with Id-IL2 attenuates SNI-induced punctate allodynia and prevents the development of SNI-induced dynamic allodynia. (A) Changes of the 50%
withdrawal thresholds to punctate stimuli (von Frey filaments) on the right hindpaws of female Swiss Webster mice. SNI was performed on the right sciatic nerve on day 0,
after the baseline measurement. Daily Id-IL2 or saline treatment started 5 days before SNI and lasted till 21 days post-SNI (n = 9 and 8 mice, respectively). Note that IL2
were always injected after the completion of behavioral tests on the same day. Two-way RM ANOVA: p < 0.05 between treatment groups; post hoc Student-Newman-Keuls
test: **p < 0.01, between the corresponding SNI+saline and SNI+IL2 groups. One-way RM ANOVA: p < 0.001 and p < 0.01 within the SNI+saline and SNI+IL2 groups,
respectively, post hoc Dunnett’s test: **p < 0.001, compared with the baseline threshold (day 0) in the SNI+saline group; %p < 0.05, %%p < 0.01, %%p < 0.001, compared with
the baseline threshold (day 0) in SNI+IL2 group. (B) The integrated AOCs of withdrawal threshold calculated from day 0 baseline to day 22 post-SNI (same mice as in A).
*¥p < 0.001, two-tailed t-test. (C) The effects of SNI and Id-IL2 on the dynamic allodynia scores of female Swiss Webster mice. SNI was performed on the right sciatic nerve
on day 0, after the baseline measurement. Daily Id-IL2 or saline treatment started 5 days before SNI and lasted till 29 days post-SNI (n = 5 mice/group). Two-way RM
ANOVA: p < 0.05 between groups; post hoc t-test with Bonferroni correction: *p < 0.05, **p < 0.001, between the corresponding SNI+saline and SNI+IL2 groups. One-
way RM ANOVA: p = 0.43 within the SNI+IL2 group; p < 0.001 within the SNI+saline group; post hoc Dunnett’s test: #p <0.05, ##p <0.01, mp <0.001, compared with the
baseline score on day 0. (D) The integrated AOCs of dynamic allodynia score calculated from day 0 baseline to day 31 post-SNI (same mice as in C). *p < 0.01, two-tailed
t-test.

Abbreviations: Ld-IL2, low-dose interleukin-2; SNI, spared nerve injury; RM ANOVA, repeated measures analysis of variance; AOC, area over the time-effect curve.

+IL2 group was not different from that of mice in the sham
+IL2 group (Figure 2A, day 14-28). The integrated AOC of
withdrawal threshold between day 10 and 28 post-SNI in the
SNI+IL2 group was significantly lower than that of the SNI
+saline group but was comparable to that of the sham+IL2
group (Figure 2B). Notably, 1d-IL.2 treatment did not change
the mechanical threshold of the contralateral (left) paw in mice
underwent SNI surgery (Figure 2C, SNI+IL2 group), nor did it

affect the paw withdrawal threshold in mice that received
sham surgery (Figure 2A—C, sham+saline versus sham+IL2
group).

Similar to punctate allodynia, the dynamic allodynia was
fully established on the ipsilateral but not contralateral paws 3
days post-SNI and persisted for at least 29 days without
treatment (Figure 2D and E, SNI+saline group). After 7 days
of IL2 treatment, the dynamic allodynia was completely
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Figure 2 SNl-induced punctate and dynamic mechanical allodynia are reversed by Id-IL2 treatment. (A) Changes of the 50% withdrawal thresholds to von Frey filaments on the ipsilateral (right)
hindpaws of female Swiss VWebster mice (n = 6—7 mice/group). SNI or sham surgery was performed on the right sciatic nerve on day 0, after the baseline measurement. The horizontal bar indicates the
duration of daily Id-12 treatment. Two-way RM ANOVA: p < 0,05 between groups; post hoc Student-Newman-Keuls test: #p < 001, between the corresponding SNI+saline and SNI+IL2 groups; “'p <
001, ™p < 0,001, between the corresponding sham+saline and SNi+saline groups; Tp < 0.05, Tp < 001, Tp < 0,001, between the corresponding sham+IL2 and SNI+L2 groups. One-way RM
ANOVA: p < 0,001 within the SNI+saline and SNIIL2 groups; post hoc Dunnett’s test: i < 001, ##p < 0,001, compared with the baseline threshold (day 0) in the SNI+saline group; $p < 0.05, %p <
001, %p <0.001, compared with the baseline threshold (day 0) in the SNI+IL2 group. (B) The integrated AOCs of withdrawal threshold calculated from day 10 to day 28 post-SNI (same miice as in A).
One-way ANOVA: p < 0.001; post hoc t-test with Bonferroni correction: *p < 0.01, **p < 0.001. (C) The 50% withdrawal thresholds to von Frey filaments on the contralateral (left) hindpaws (same
mice as in A). Two-way RM ANOVA: p = 0.3 between groups. (D) The responses to brush stimuli on the contralateral (left) hindpaws (same mice as in A). Two-way RM ANOVA: p = 0.32 between
groups. (E) SNI- and Id-IL.2-induced changes of the dynamic allodynia scores of the ipsilateral (right) hindpaws of female Swiss VWebster mice (same mice as in A). Two-way RM ANOVA: p < 0.001
between groups; post hoc Student-Newman-Keuls test: *p < 005, *p < 0,01, between the corresponding SNi+saline and SNI+IL2 groups; *'p < 0.01, *'p < 0.001, between the corresponding sham
+saline and SNI+saline groups; T'p < 0.01, TtTp < 0,001, between the corresponding sham+IL2 and SNI+IL2 groups; One-way RM ANOVA: p < 0,001 within SNI+saline and SNI+L2 groups; post hoc
Dunnetts test: *p < 0,001, compared with the baseline score on day 0 in the SNI+saline group; ¥p < 0,001, compared with the baseline score in the SNI+IL2 group. (F) The integrated AOCs of
dynamic allodynia score calculated from day 8 to day 29 post-SNI (same mice as in A). One-way ANOVA: p < 0.001; post hoc t-test with Bonferroni correction: *p < 0.05, *p < 0.01.
Abbreviations: SNI, spared nerve injury; Id-IL2, low-dose interleukin-2; RM ANOVA, repeated measures analysis of variance; AOC, area over the time-effect curve.
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reversed and stayed at basal level with continuous IL2 treat-
ment (Figure 2E, day 15-29). The integrated AOC of dynamic
allodynia score between day 10 and 28 post-SNI in the SNI
+IL2 group was significantly lower than that of the SNI+saline
group but was comparable to that of the sham+IL2 group
(Figure 2F). Ld-IL2 treatment did not change the responses
to brush stimuli of the contralateral paw in mice underwent
SNI surgery (Figure 2D, SNI+IL2 group), or of the paws in
mice that received sham surgery (Figure 2D—F, sham+saline
versus sham+IL2 group). Taken together, we conclude that
delayed 1d-IL2 treatment substantially attenuates SNI-induced
punctate and dynamic allodynia without compromising the
baseline responses to punctate or stroking stimuli.

Adoptive Transfer of Treg Cells Reverses
the Morphine-Resistant Punctate and
Dynamic Mechanical Allodynia

Previous studies indicate that morphine attenuates nerve
injury-induced punctate allodynia at early (< 2 weeks post-
injury) but not late stage;*® whereas neither early- nor
late-stage nerve injury-induced dynamic allodynia
responds to morphine treatment.*® Our data showed that
starting 1d-IL2 treatment 7 days post-SNI reverses both
punctate and dynamic allodynia (Figure 2). Here, we
investigated whether enhancing Treg cell number/function
is still beneficial in mice after both punctate and dynamic
allodynia become morphine-resistant. We enriched
CD25'CD4" Treg cells from IL2-treated donor mice and
adoptively transferred the cells (1 x 10° cells/mouse) to
male C57BL/6J mice 23 days post-SNI, at which time both
punctate and dynamic allodynia become morphine-
resistant.*> The control group received adoptive transfer
of CD257CD4" cells (1 x 10° cells/mouse) enriched from
IL2-treated donor mice.

Before the adoptive transfer, all mice exhibited profound
punctate allodynia on the paws ipsilateral to the SNI surgery
(Figure 3A). In control mice that received CD25 CD4" cells,
the punctate allodynia persisted throughout the experiment
(Figure 3A, SNI+CD25 CD4 " group, 2646 days post-SNI).
In mice that received Treg cells, the mechanical threshold
was completely reversed 3 days after the transfer (Figure 3A,
SNI+Treg group, day 26). The effect of transferred Treg cells
lasted for 12 days (Figure 3A, SNI+Treg group, day 26-38),
and the punctate allodynia recurred 23 days after Treg trans-
fer (Figure 3A, SNI+Treg group, day 46). The integrated
AOC of withdrawal threshold between day 26 and 45 post-

SNI showed that transfer of Treg cells significantly

attenuated the magnitude of nerve injury-induced punctate
allodynia (Figure 3B). Similar to the 1d-IL2 treatment, Treg
cell transfer did not change the responses to punctate or
dynamic mechanical stimuli thresholds of the contralateral
paws in mice underwent SNI surgery (Figure 3C and D).
SNI also resulted in significant dynamic allodynia on
the ipsilateral paws of all mice (Figure 3E). In control
mice that received CD25 CD4" cells, the dynamic allody-
nia persisted throughout the experiment (Figure 3E, SNI
+CD25 CD4" group, 27-39 days post-SNI). In mice that
received Treg cells, the dynamic allodynia was partially
reversed 4 days after the transfer (Figure 3E, SNI+Treg
group, day 27), and was completely reversed 2 days later
(Figure 3E, SNI+Treg group, day 29). The effect of Treg
transfer lasted for 9 days (Figure 3E, SNI+Treg group, day
27-35), and the dynamic allodynia recurred 16 days after
Treg transfer (Figure 3E, SNI+Treg group, day 39). The
integrated AOC of dynamic allodynia score between day
27 and 39 post-SNI in the SNI+Treg group was signifi-
cantly lower than that of the control group (Figure 3F).
Collectively, these results suggest that enhancing Treg cell
number/function can reverse the morphine-resistant punc-
tate and dynamic allodynia long after the nerve injury.
The effects of 1d-IL2 and Treg cell transfer on SNI-induced
punctate and dynamic allodynia was summarized in Table 1.

Ld-IL2 Treatment Preferentially Increases
the Ratio of Treg Cells to Total CD3"

T Cells in the Injured Sciatic Nerve
To elucidate the site of action of 1d-IL2, we examined the
distribution of T cells, especially the Treg cells, in the sciatic
nerves and the lumbar L4 DRG of female DEREG transgenic
mice that underwent unilateral SNI and received 1d-IL2 or
saline treatment between day 7 and 29 post-SNI (Figure 4A).
DEREG mice selectively express the DTR-EGFP fusion
protein in Foxp3™ cells,'” allowing us to identify Treg cells
with the EGFP signal. Similar to what we found in wild-type
mice, SNI significantly reduced the hindpaw mechanical
threshold in DEREG mice (from 1.02 + 0.09 g at baseline
t0 0.28 = 0.03 g at day 7 post-SNIL, n = 6; p <0.001, one-way
ANOVA with post hoc Dunnett’s test). Ld-IL2 treatment
starting on day 7 post-SNI reversed the threshold to 0.69 £
0.10 g by day 14 (p < 0.01, day 7 versus day 14 post-SNI,
one-way ANOVA with post hoc Dunnett’s test).

Thirty days after the unilateral SNI surgery, we stained
the tissues with the CD3 and EGFP antibodies to identify
total CD3" T cells and EGFP" Treg cells, respectively.
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Figure 3 Adoptive transfer of Treg cells reverses the morphine-resistant punctate and dynamic mechanical allodynia. (A) Changes of the 50% withdrawal thresholds to von Frey filaments on the
ipsilateral (right) hindpaws of male C57BL/6) mice (n = 7-8 mice/group). SNI was performed on the right sciatic nerve on day 0, after the baseline measurement. On day 23, mice received adoptive
transfer of Treg cells or CD25 CD4" cells as indicated by the arrow. Two-way RM ANOVA: p < 0.05 between groups; post hoc Student-Newman-Keuls test: **p < 0.001, between the corresponding
SNIH+CD25°CD4" and SNI+Treg groups; One-way RM ANOVA: p < 0001 within the SNH+CD25"CD4" and SNiI+Treg groups; post hoc Dunnett’s test: “#p < 0,001, compared with the baseline
threshold (day 0) in the SNI+CD25°CD4" group; %p < 0.05, %p < 001, ¥p < 0,001, compared with the baseline threshold (day 0) in the SNI+Treg group. (B) The integrated AOCs of withdrawal
threshold calculated from day 26 to day 45 post-SNI (same mice as in A). *p < 0.05, two-tailed t-test. (C) The 50% withdrawal thresholds to von Frey filaments on the contralateral (left) hindpaws (same
mice as in A). Two-way RM ANOVA: p = 0.32 between groups. (D) The responses to brush stimuli on the contralateral (left) hindpaws (same mice as in A). Two-way RM ANOVA: p = 1.00 between
groups. (E) SNI- and Treg transfer-induced changes of the dynamic allodynia scores of the ipsilateral (right) hindpaws of male C57BL/6) mice (same mice as in A). Two-way RM ANOVA: p < 0.001
between groups; post hoc Student-Newman-Keuls test: *p < 0.05, *p < 0.01, **p < 0,001, between the corresponding SNH+CD25"CD4" and SNI+Treg groups; One-way RM ANOVA: p < 0.001
within SNI+CD25 CD4" and SNII+Treg groups; post hoc Dunnett’s test: **p < 0,001, compared with the baseline score on day 0 in the SN+CD25 CD4" group; $p < 001, %p < 0,001, compared
with the baseline score in the SNI+Treg group. (F) The integrated AOCs of dynamic allodynia score calculated from day 27 to day 39 post-SNI (same mice as in A). **p < 0.001, two-tailed t-test.
Abbreviations: Treg, regulatory T cell; SNI, spared nerve injury; RM ANOVA, repeated measures analysis of variance; AOC, area over the time-effect curve.
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Table | The Effects of Ld-IL2 and Treg Cell Treatments on SNI-Induced Punctate and Dynamic Allodynia

Treatment Duration Mice Punctate Allodynia Dynamic Allodynia
Daily Ld-IL2 Day 5 pre-SNI to day 21 post- Female Swiss Attenuated, day |4 post-SNI Prevented, day 17-34 post-SNI
SNI Webster
Daily Ld-IL2 Day 7-28 post-SNI Female Swiss Attenuated, day 14-28 post- Reversed, day 15-29 post-SNI
Webster SNI
Treg cell Day 23 post-SNI one time Male C57BL/6) Reversed, day 26—-38 post-SNI | Attenuated, day 27-35 post-
transfer SNI

Abbreviations: Ld-IL2, low-dose interleukin-2; Treg, regulatory T cell; SNI, spared nerve injury.

Consistent with previous reports,” >’ we could identify very

few CD3" cells (0~ 0.7 £ 0.2 cells/section) or EGFP" cells (0
~ 0.05 £ 0.05 cells/section) in the dorsal horn of the spinal
cord either ipsilateral or contralateral to SNI, suggesting no
SNI-induced lymphocyte infiltration to the dorsal horn at this
time point. Similarly, uninjured sciatic nerves contained very
few CD3" T cells or EGFP" Treg cells (Figure 4B-D, sali-
ne_contra groups). The densities of total T cells and Treg
cells were dramatically increased in the injured sciatic nerves
(Figure 4B-D, saline_ipsi groups), but the fraction of Treg
cells among total T cells was not altered by SNI (Figure 4E,
saline_contra versus saline _ipsi, p=0.32). Ld-IL2 treatment
resulted in an additional 3.6-fold increase in Treg cell density
in the injured nerves (Figure 4D, IL2_ipsi versus saline_ipsi)
but the density of total CD3" T cells only increased 1.5-fold
(Figure 4C, IL2 ipsi versus saline_ipsi). Consequently, the
fraction of Treg cells among total T cells increased more than
2-fold (Figure 4E, IL2 ipsi versus saline_ipsi). Notably, 1d-
IL2 did not increase the numbers of Treg cells or CD3"
T cells in uninjured nerves (Figure 4B-D, IL2 contra versus
saline _contra), neither did it alter the fraction of Treg cells
among total CD3" T cells (Figure 4E, IL2 contra versus
saline_contra, p = 0.15).

In contrast to what we observed in the sciatic nerves,
nerve injury did not affect the densities of CD3" T cells
and EGFP" Treg cells in L4 DRG 30 days after SNI
(Figure 5A-C, saline ipsi versus saline contra). The
numbers of Treg cells and total T cells were increased
after 1d-IL2 in L4 DRG both ipsilateral and contralateral
to the SNI (Figure SA—C, saline versus IL2 groups), but
the fraction of Treg cells among total T cells was not
SNI or Id-IL2 (Figure 5D).
Collectively, these results suggest that 1d-IL2 treatment

altered by either
preferentially enhances Treg-mediated suppression in the
injured nerves by increasing the ratio of Treg cells to
total CD3" T cells.

Discussion

Dynamic mechanical allodynia, the pain evoked by light
brushing or stroking of the skin, is one of the most disabling
symptoms of neuropathic pain.**® Despite the recent pro-
gress in elucidating the underlying mechanisms,***~* effec-
tive treatment of dynamic allodynia remains elusive.”’ Many
preclinical and clinical studies have identified 1d-IL2 treat-
ment as a safe and effective treatment for multiple autoim-
mune diseases, neurodegenerative diseases as well as chronic
headache
immunosuppression.'>'® In the present study, we report for

disorders through enhancing Treg-mediated
the first time that the development of SNI-induced dynamic
mechanical allodynia was completely blocked by the 1d-1L2
treatment starting prior to the sciatic nerve injury, suggesting
that the level of endogenous Treg cells may be one of the
factors that determines which individual is at the risk of
developing dynamic allodynia after peripheral nerve injury.
On the contrary, mice that received 1d-IL2 pretreatment still
developed punctate mechanical allodynia after SNI, but the
magnitude was significantly reduced. This, along with the
results from previous work,”'* implicates the role of endo-
genous Treg cells in determining the severity of peripheral
nerve injury-induced punctate allodynia.

A recent study shows that treating mice with IL2
one day after nerve injury reduces punctate allodynia up
to 10 days post-injury,'® at which point it is still responsive
to morphine treatment.* © Here, we tested the therapeutic
use of 1d-IL2 in female Swiss Webster mice one week
post-SNI, after the punctate and dynamic allodynia were
fully established. Both the morphine-sensitive, early punc-
tate allodynia (Figure 2A, day 10 and 14) and the mor-
phine-resistant, late punctate allodynia (Figure 2A, day 22
and 28) were significantly attenuated by the delayed 1d-1L2
treatment. Unlike punctate allodynia, nerve injury-induced
dynamic allodynia is resistant to morphine treatment at all
stages,*® but is substantially reduced by the delayed 1d-
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Figure 4 Ld-IL2 treatment preferentially increases the ratio of Treg cells to total CD3" T cells in the injured sciatic nerve. (A) Time line of the experiment. Note that IL2
was always injected after the completion of behavioral tests on the same day. (B) Representative images of EGFP* and CD3"and cells in the sciatic nerves ipsilateral (ipsi) and
contralateral (contra) to the SNI surgery in female DEREG mice at day 30 post-SNI. (C and D) The densities of CD3" T cells (C) and EGFP* Treg cells (D) in the ipsilateral
and contralateral sciatic nerves of female DEREG mice at day 30 post-SNI. Mice were treated with daily Id-IL2 or saline between day 7 and 29 post-SNI (n = 6 and 4,
respectively). *p < 0.05, **p < 0.01, **p < 0.001, two-way ANOVA and post hoc t-test with Bonferroni correction. (E) The fraction of EGFP" Treg cells among CD3" T cells
in the sciatic nerves ipsilateral and contralateral to the SNI surgery (same mice as in C and D). *p < 0.05, **p < 0.01, two-way ANOVA and post hoc t-test with Bonferroni
correction.

Abbreviations: Ld-IL2, low-dose interleukin-2; Treg, regulatory T cell; EGFP, enhanced green fluorescent protein; SNI, spared nerve injury; ANOVA, analysis of variance;
IHC, immunohistochemistry.
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Figure 5 Neither SNI nor low-dose interleukin-2 alters the ratio of Treg cells to total CD3" T cells in DRG. (A) Representative images of EGFP* and CD3"and cells in L4
DRG ipsilateral (ipsi) and contralateral (contra) to the SNI surgery in female DEREG mice at day 30 post-SNI. (B and C) The densities of CD3" T cells (B) and EGFP* Treg
cells (C) in the ipsilateral and contralateral L4 DRG of female DEREG mice at day 30 post-SNI (same mice as in Figure 4C-E). *p < 0.05, *p < 0.01, two-way ANOVA and
post hoc t-test with Bonferroni correction. (D) The fraction of EGFP* Treg cells among CD3" T cells in L4 DRG ipsilateral and contralateral to the SNI surgery (same mice

as in Figure 4C-E), respectively. p = 0.76, two-way ANOVA.

Abbreviations: SNI, spared nerve injury; Treg, regulatory T cell; DRG, dorsal root ganglion; EGFP, enhanced green fluorescent protein; ANOVA, analysis of variance.

IL2 treatment. Similarly, adoptive transfer of Treg cells to
male C57BL/6J] mice 3 weeks post-SNI effectively
reversed the punctate and dynamic allodynia that are resis-
tant to morphine treatment, supporting that the effect of 1d-
IL2 is mediated through endogenous Treg cells, and is
likely independent of mouse strain and sex. Together,
these results expanded the therapeutic values of 1d-IL2
and Treg cells to the morphine-resistant punctate and

dynamic mechanical allodynia long after the initial nerve
injury.

To identify the site of action of 1d-IL2 and Treg cells,
we quantified the densities of Treg cells and total CD3"
T cells in the sciatic nerves and the lumbar L4 DRG of
female DEREG mice.
work,”> %7 we found few, if any, T cells in the dorsal
horn of the spinal cord after either SNI and/or 1d-IL2

In agreement with previous
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treatment, indicating that 1d-IL2 and Treg cells act at
peripheral sites to attenuate mechanical allodynia. SNI
preferentially increased the density of T cells, including
Treg cells, in the injured sciatic nerves without altering the
fraction of Treg among total T cells, suggesting that SNI-
induced Treg increase is not sufficient to counteract SNI-
induced increase in effector T cells. Although 1d-IL2 led to
the infiltration of both Treg cells and total CD3" T cells in
the injured nerves and DRG, it preferentially increased the
ratio of Treg cells to total CD3" T cells in the injured
nerves. These results implicate that 1d-IL2 and Treg cells
attenuate punctate and dynamic allodynia through enhan-
cing immunosuppression at the site of nerve injury.
A recent study indicates that Treg cells attenuate punctate
mechanical allodynia through interleukin-10-mediated
inhibition of the Thl response at the site of peripheral
nerve injury.'® Future in-depth studies is warranted to
determine whether 1d-IL2 and Treg cells reverse nerve
injury-induced dynamic mechanical allodynia through
similar or different molecular mechanisms.

In mouse model of chronic migraine, 1d-IL2 preferentially
expands and activates Treg cells without altering the frequen-
cies of effector T cells.'® In the SNI model, the same dose of
IL2 increased the infiltration of effector T cells in addition to
Treg cells in the injured nerves and DRG. This likely results
from SNI-induced activation of peripheral effector T cells,
which start to express the high-affinity IL2 receptor CD25
and become responsive to 1d-IL2.%'* More studies are needed
to develop methodology that selectively enhances Treg cell
functions while sparing activated effector T cells and to test its
therapeutic effects on neuropathic pain. In addition, the sample
size in behavioral tests was rather small, and only one periph-
eral nerve injury model was used in this work. Since we did
not observe consistent thermal allodynia in this model,
whether 1d-IL2 and Treg cell treatment attenuates nerve injury-
induced thermal/cold hyper-sensitivity was not investigated.
Another limitation is that male and female mice were not
tested in parallel in individual assays. Future studies using
multiple neuropathic pain models and testing male and female
mice in parallel with large sample sizes would be useful to
validate the therapeutic values of 1d-IL2 and Treg cell treat-
ments. The dose of IL2 used in this study has been shown to
result in a 2-fold increase in Treg cell frequency in the periph-
eral blood,'® similar to the magnitude of 1d-IL2-induced Treg
expansion reported in human clinical trials.'®*" Both 1d-IL2
and Treg cell transfer are well tolerated in patients and show
indications of clinical efficacy against multiple autoimmune

diseases.'®*'*? Importantly, neither daily 1d-IL2 nor Treg
transfer altered the basal nociceptive responses to punctate or
stroking stimuli on the hindpaw innervated by the uninjured
sciatic nerve. This supports further translational and clinical
studies to assess whether 1d-IL2 can be used to treat both
punctate and dynamic mechanical allodynia with minimal
adverse effects.

Conclusion

Collectively, the present study identifies Treg cell as
a promising target and 1d-IL2 as a potential therapy for
nerve injury-induced persistent punctate and dynamic
mechanical allodynia that are highly debilitating and are
largely unresponsive to available treatments.

Abbreviations

DEREG, depletion of regulatory T cell mice; DRG, dorsal
DTR-EGFP, diphtheria toxin receptor-
enhanced green fluorescent protein; 1d-IL2, low-dose inter-

root ganglia;

leukin-2; ip, intraperitoneal, PB, phosphate buffer; RM
ANOVA, repeated measures analysis of variance; SNI,
spared nerve injury; Treg, regulatory T cells.
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