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CD8" T Cells and Endogenous IL-10 Are Required for
Resolution of Chemotherapy-Induced Neuropathic Pain

Karen Krukowski,' ©“Niels Eijkelkamp,*** “Geoffroy Laumet,* C. Erik Hack,’ Yan Li,? Patrick M. Dougherty,?

Cobi J. Heijnen,' and “Annemieke Kavelaars'
"Laboratory of Neuroimmunology, Division of Internal Medicine, and 2Department of Anesthesiology and Pain Medicine Research, The University of Texas
MD Anderson Cancer Center, Houston, Texas 77030, and *Laboratory of Translational Immunology, and *Laboratory of Neuroimmunology and
Developmental Origins of Disease, University Medical Center Utrecht, 3584EA Utrecht, The Netherlands

Chemotherapy-induced peripheral neuropathy (CIPN), characterized by pain and numbness in hands and feet, is a common side effect of
cancer treatment. In most patients, symptoms of CIPN subside after treatment completion. However, in a substantial subgroup, CIPN
persists long into survivorship. Impairment in pain resolution pathways may explain persistent CIPN. We investigated the contribution
of T cells and endogenous interleukin (IL)-10 to resolution of CIPN. Paclitaxel-induced mechanical allodynia was prolonged in T-cell-
deficient (Ragl ~'~) mice compared with wild-type (WT) mice. There were no differences between WT and Ragl ~'~ mice in severity of
paclitaxel-induced mechanical allodynia. Adoptive transfer of either CD3™ or CD8™, but not CD4 ™, T cells to Ragl ~/~ mice normalized
resolution of CIPN. Paclitaxel treatment increased the number of T cells in lumbar dorsal root ganglia (DRG), where CD8 " T cells were the
major subset. Inhibition of endogenous IL-10 signaling by intrathecal injection of anti-IL-10 to WT mice or Ragl ~'~ mice reconstituted
with CD8 " T cells delayed recovery from paclitaxel-induced mechanical allodynia. Recovery was also delayed in IL-10 knock-out mice.
Conversely, administration of exogenous IL-10 attenuated paclitaxel-induced allodynia. In vitro, IL-10 suppressed abnormal paclitaxel-
induced spontaneous discharges in DRG neurons. Paclitaxel increased DRG IL-10 receptor expression and this effect requires CD8 " T
cells. In conclusion, we identified a novel mechanism for resolution of CIPN that requires CD8 * T cells and endogenous IL-10. We propose
that CD8™ T cells increase DRG IL-10 receptor expression and that IL-10 suppresses the abnormal paclitaxel-induced spontaneous
discharges by DRG neurons to promote recovery from CIPN.
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Chemotherapy-induced peripheral neuropathy persists after completion of cancer treatment in a significant subset of patients,
whereas others recover. Persistent neuropathy after completion of cancer treatment severely affects quality of life. We propose
that understanding how neuropathy resolves will identify novel avenues for treatment. We identified a novel and critical role for
CD8 ™ T cells and for endogenous IL-10 in recovery from paclitaxel-induced neuropathy in mice. Enhancing the capacity of CD8
T cells to promote resolution or increasing IL-10 signaling are promising targets for novel interventions. Clinically, peripheral
blood CD8 ™ T-cell function and/or the capacity of individuals to produce IL-10 may represent biomarkers of risk for developing
persistent peripheral neuropathy after completion of cancer treatment. /

ignificance Statement

Introduction
Nearly 70% of cancer patients report symptoms of peripheral neu-
ropathy during chemotherapeutic treatment (Postma et al., 1995;
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Vichaya et al., 2015). This chemotherapy-induced peripheral neu-
ropathy (CIPN) is a common cause of dose reduction or termi-
nation of chemotherapy, leading to suboptimal cancer therapy.
Notably, symptoms of CIPN do not always resolve upon treatment
completion and continue long into survivorship in ~30% of af-
fected cancer patients, thereby significantly reducing their quality of
life (Miltenburg and Boogerd, 2014; Seretny et al., 2014).

The chemotherapeutic agent paclitaxel is used frequently to
treat ovarian, breast, and lung cancer (Rowinsky et al., 1990;
Rowinsky et al.,, 1993; Choy et al., 1994; Gianni et al., 1995).
Mechanisms of paclitaxel-induced neuropathy remain unkn-
own, although there is growing evidence that paclitaxel adminis-
tration targets peripheral sensory neurons, leading to damage of
neuronal mitochondria (Varbiro et al., 2001; Flatters and Ben-
nett, 2006; Peters et al., 2007; Krukowski et al., 2015). In addition,
there is evidence that the production of chemokine monocyte
chemoattractant protein-1 in dorsal root ganglia (DRG) attracts
proinflammatory monocytes to the DRG, causing endogenous
increases in proinflammatory cytokines (Ledeboer et al., 2007;
Boyette-Davis et al., 2011; Zhang et al., 2013; Zhang et al., 2016).
These proinflammatory cytokines can (further) sensitize peripheral
sensory neurons, leading to abnormal spontaneous discharges, hy-
perexcitability, and allodynia (Wieseler-Frank et al., 2005; Binshtok
et al., 2008). Moreover, inhibition of monocyte infiltration into
DRG and suppression of proinflammatory cytokine production
prevents the development of paclitaxel-induced mechanical allo-
dynia in rodent models (Liu et al., 2010; Zhang et al., 2013; Huang et
al., 2014). Both paclitaxel-induced neuronal mitochondrial damage
and endogenous production of proinflammatory cytokines are hy-
pothesized to underlie the development of CIPN (Wieseler-Frank et
al., 2005; Flatters and Bennett, 2006).

Although proinflammatory cytokine production by macro-
phages plays a role in CIPN, little is known about the role of the
adaptive immune system in CIPN. There is evidence that CD4™ T
cells, which can produce anti-inflammatory cytokines such as
interleukin (IL)-4, IL-10, and transforming growth factor
(TGF)-B, can reduce pain in models of surgical nerve injury
(Serpe et al., 1999; Serpe et al., 2003; Austin et al., 2012; Lees et al.,
2015; Walsh et al., 2015). Neuropathic pain induced by chronic
constriction injury of the sciatic nerve increases the number of
CD4™ T regulatory (Treg) cells in DRG (Lees et al., 2015). Pe-
ripheral depletion of Tregs from mice worsened mechanical allo-
dynia in this model of chronic neuropathic pain. Furthermore,
increasing the number of CD4" Tregs attenuated mechanical
allodynia in response to sciatic nerve injury (Austin et al., 2012;
Lees et al., 2015). Others have shown that exogenous administra-
tion of anti-inflammatory cytokines such as IL-10 and TGF-f3
suppresses allodynia in surgery (Chacur et al., 2004; Milligan et
al., 2005; Shen et al., 2013) and in a model of chemotherapy-
induced neuropathic pain (Ledeboer et al., 2007). In addition, we
showed that inhibition of endogenous IL-10 signaling by intra-
thecal administration of IL-10 antibody prolonged thermal hy-
peralgesia in a model of transient inflammatory pain (Willemen
et al., 2010).

A possible contribution of T cells or endogenous production
of anti-inflammatory cytokines to CIPN has not yet been identi-
fied. We investigated the contribution of specific T-cell subsets
and of endogenous IL-10 signaling to the development and res-
olution of paclitaxel-induced mechanical allodynia. We identify
CD8™ T cells as the critical cell subset that, together with endog-
enous IL-10, are required for resolution of CIPN.
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Materials and Methods

Animals. Adult (8—12 weeks of age) male C57BL/6] mice, as well as
Ragl_/_, IL-10/7, and IL-4 /'~ mice in a C57BL/6] background, were
obtained from The Jackson Laboratory. Five-week-old male Sprague
Dawley rats (Harlan Laboratories) were used for DRG electrophysiology
experiments. Rodents were housed at The University of Texas M.D. An-
derson Cancer Center Animal Facility, the Texas A&M Health Science
Center Program for Animal Resources, or at the Utrecht University Cen-
tral Animal Facility in the Netherlands. Rodents were housed on a regular
12 h light/dark cycle and had ad libitum access to food and water. All
procedures were consistent with the National Institutes of Health’s
Guidelines for the Care and Use of Laboratory Animals and the Ethical
Issues of the International Association for the Study of Pain (Zimmer-
mann, 1983) and were approved by the institutional animal care and use
committees of the respective institutions.

Chemotherapeutic treatment. Paclitaxel (6 mg/ml) in 50% EI Kolipher
(Sigma-Aldrich) and 50% ethanol (Sigma-Aldrich) were diluted in ster-
ile saline and administered at a dose of 2 mg/kg intraperitoneally on day
0 and day 2.

T-cell isolation and adoptive transfer. Spleens were collected from CO,-
asphyxiated mice. Single-cell suspensions were obtained by passing
spleens through a 70 wm mesh filter, after which cells were washed twice
with PBS plus 0.1% bovine serum albumin. T-cell subpopulations were
purified via the Miltenyi Biotec Pan CD3™, CD4 ™, or CD8™" T-cell neg-
ative selection kits according to the manufacturer’s instructions. One day
before the first paclitaxel administration, T-cell populations (CD3™: 8
million per mouse; CD4™ or CD8™: 3 million per mouse) or PBS were
injected intravenously into the tail vein in a volume of 100 ul.

Von Frey test for mechanical allodynia. Mechanical allodynia as a read-
out for CIPN was measured as the hindpaw withdrawal response to von
Frey hair stimulation by an investigator blinded to genotype and treat-
ment using the up-and-down method, as we described previously (Wang
etal.,, 2011; Mao-Ying, 2014; Krukowski et al., 2015). Mice were placed in
a Plexiglas enclosure (10 X 10 X 13 ¢cm?) with a mesh floor for 30 min
before testing. Subsequently, a series of von Frey hairs (0.02, 0.07, 0.16,
0.4, 0.6, 1.0, and 1.4 g; Stoelting) were applied perpendicular to the
midplantar surface of hindpaw. A trial began with the application of the
0.16 g hair. A positive response was defined as a clear paw withdrawal or
shaking. Whenever a positive response occurred, the next lower hair was
applied, and whenever a negative response occurred, the next higher hair
was applied. The testing consisted of five stimuli after the first change in
response occurred and the pattern of response was converted to a 50%
von Frey threshold using the method described previously (Chaplan et
al., 1994).

Immunohistochemical analysis. Mice were killed by CO, asphyxiation
and lumbar DRG (L4-L6) were removed on day 7 or day 21 after pacli-
taxel treatment. DRG were fixed in 4% paraformaldehyde, sucrose pro-
tected, frozen in optimal cutting temperature compound plus 30%
sucrose (2:1), and sliced into 6 wm sections. The sections were incubated
for 2 h at room temperature in 0.1 M PBS, 0.1% saponin containing 5%
normal donkey serum, and 2% bovine serum albumin. Subsequently,
sections were incubated with primary antibody for 24 h at 4°C, followed
by incubation with the secondary antibody for 24 h at 4°C. For T-cell
quantification, DRG sections of equivalent size (L4-L6) were stained
with anti-CD3 monoclonal antibody (rat, 1:100; BD Biosciences), fol-
lowed by Alexa Fluor-488 donkey anti-rat (1:500; Invitrogen). No stain-
ing was observed in slides stained with secondary antibody alone. The
number of T cells per slice was counted in five randomly selected DRG
slices of equivalent size per mouse using a Leica DM4 SPE confocal
microscope with a 40 X objective.

Flow cytometric analysis. For flow cytometry, lumbar DRG (L4-L6)
were collected on day 7 after the start of paclitaxel or vehicle treatment.
DRG from three mice per group were pooled. Single-cell suspensions
were prepared using both loose-fitting and tight-fitting pestles. Leuko-
cyte cells were enriched on a Percoll gradient (30/70%) by centrifu-
ging for 30 min at 500 X g. Leukocytes were stained for 30 min on ice
using anti-CD4 (eFluor 450-conjugated; eBioscience), anti-CD8
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Contribution of T cells to paclitaxel-induced mechanical allodynia. A, Paclitaxel (2 mg/kg, i.p.) was administered to WT (C57BL/6) and Rag1~/~ mice on day 0 and day 2. Mechanical

allodynia was measured using von Frey hairs and the 50% paw withdrawal threshold was calculated using the up-and-down method. WT + vehicle (circles, gray line); Rag1~/~ + vehicle (open
squares, gray dashed line); WT + padlitaxel (diamonds black line); and Rag1 ™/~ + paclitaxel (open triangles, black dashed line). Two-way repeated-measures ANOVA revealed a main effect of
time (p << 0.01), a group effect (p << 0.01), a genotype effect (p << 0.01) and a 3-way interaction among group, genotype, and time (p << 0.01). Bonferroni post hoc analysis showed differences
between groups (WT + vehicle vs WT + paclitaxel orRag1 ™"~ + vehicle vsRag1~/~ + paclitaxel) at various time points; n = 8 —10/group. **p << 0.01, ***p < 0.001. B, WT and Rag1 "~
mice received PBS or (D3 * T cells intravenously 1 d before paditaxel treatment as in A. Shown are: WT + PBS (circles, gray line); WT + T cells (diamonds, black line); Rag1 '~ -+ PBS (open
triangles, gray dashed line); and Rag1 T 4 Teells (open squares, black dashed line). Two-way repeated-measures ANOVA revealed a main effect of time (p << 0.01), a group effect (p << 0.01),
a treatment effect (T cell vs PBS, p < 0.01), and a 3-way interaction among group, treatment, and time (p << 0.01). Bonferroni post hoc analysis showed differences between groups (WT+ PBS vs
WT -+ PBS orRag1 ™/~ + PBSvsRag1 ™/~ + Teells) at various time points; n = 6—8/group. *p < 0.05, **p < 0.01.

(PE-conjugated; eBioscience), and anti-CD45 (APC-Cy7-conjugated;
BD Biosciences).

To assess circulating cell populations, we obtained peripheral blood by
cardiac puncture into a heparinized collection tube. Blood (100 ul) was
aliquoted into flow cytometry staining tubes and stained with surface
antibodies for 30 min at room temperature. Surface antibodies included
anti-CD45 (APC-conjugated; BD Biosciences), CD3 (FITC-conjugated;
BD Biosciences), CD8 (PE-conjugated; BD Biosciences), and CD4
(PerCp-Cy5.5-conjugated; BD Biosciences). Leukocyte subpopulations
were identified as follows: CD4 " T-cell subsets were CD45", CD4 ™, and
CD8 ™ and CD8™" T-cell subsets were CD45%, CD8™, and CD4 ™. After
surface antibody staining, red blood cells were lysed (BD Biosciences).
Cells were analyzed on a Fortessa or C6 Accuri flow cytometer (BD
Biosciences).

mRNA expression analysis. Lumbar DRG (L4-L6) or lumbar spinal
cords (L4-L6) were rapidly removed from CO,-asphyxiated mice and
snap frozen. Total RNA was extracted using TRIzol/chloroform (Invit-
rogen) and converted into cDNA using a high-capacity cDNA reverse
transcription kit (Applied Biosystems). TagMan probe 110 (IL-10 exon
3-5, NM_010548.2), Il10ra (IL-10 receptor 1 (IL-10R1) exon 1-2,
NM_008348.2), Cd3e (CD3 exon 5-6, NM_007648.4), and Cd8a (CD8
exon 1-2, NM_001081110.2) were purchased from Integrated DNA
Technologies and quantitative amplification was performed using the
Maxima Probe Master Mix (Thermo Scientific). All samples were ana-
lyzed in triplicate using an annealing temperature of 60°C and normal-
ized by Gapdh expression (GAPDH exon 2-3, NM_008084).

Intrathecal injections. All intrathecal injections (5 ul) were performed
under isoflurane anesthesia as described previously (Eijkelkamp et al.,
2010). Earlier studies have shown that proteins injected intrathecally

enter both DRG and spinal cord (Abram et al., 2006; Jacques et al., 2012;
Homs et al., 2014; Laumet et al., 2015). Goat anti-IL-10 IgG (Sigma-
Aldrich), mouse anti-TGF- 8 (R&D Systems), or normal goat IgG (IgG),
Sigma-Aldrich) as a control (10 ug/mouse) were administered intrathe-
cally on days 6—10. The IL-4/IL-10 synerkine is a fusion protein of hu-
man IL-4 and human IL-10 connected via a linker sequence (Eijkelkamp
et al., 2016) and was administered intrathecally (1 ug/mouse) on days
5-8.

Spontaneous discharge of cultured DRG neurons. Spontaneous dis-
charge of rat DRG neurons was performed as described previously (Li et
al., 2015). Briefly, rats were treated with paclitaxel (2 mg/kg, i.p.) every
other day for a total of 4 d. One day after treatment completion, rats were
deeply anesthetized and the DRG (L4-L5) were extracted and placed in a
culture dish containing 1 ml of trypsin (0.125 mg/ml; Hyclone) and 1 ml
of type IA collagenase (2 mg/ml) in Dulbecco’s modified Eagle medium
(DMEM; Sigma-Aldrich). Chemical dissociation of tissue was performed
by shaking and heating the chamber. Cells were washed and mechanically
dispersed with a polished Pasteur pipette, plated on poly-L-ornithine-
coated glass sheets, and held in culture dishes with DMEM until use (Li et
al., 2014). The cells were used for patch-clamp recordings within 6 h after
plating. Whole-cell patch-clamp recordings were performed as described
previously (Li et al., 2014). The cells were transferred to a recording
chamber placed on an inverted microscope (Eclipse Ti; Nikon) and per-
fused with oxygenated artificial CSF (2 ml/min) at room temperature.
Only neurons with a stable resting membrane potential of at least —40
mV and evoked spikes that overshot 0 mV were used. Series resistance
was compensated to 70%.

Statistical analysis. Data are expressed as mean * SEM. Statistical anal-
ysis was performed using repeated-measures ANOVA (one or two way)
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Table 1. Homing of T cells to DRG after adoptive transfer

Mouse strain Intravenous treatment (3™ Teells
(57BL/6 Saline M7 x£25
(57BL/6 T cells 85+ 18
Ragl '~ Saline 0.0 0.0
Ragl ~/~ Tcells 13.1+25

Rag1 ~/~ mice received (D3 T cells on day —1 and were treated with paclitaxel on days 0 and 2. DRG were
collected on day 21. DRG were stained with anti-CD3 antibodies and T-cell numbers/DRG slice of 5 randomly selected
slices were quantified; n = 3 mice/group. Two-way ANOVA measured no differences in the number of (57BL/6 +
TcellsorRagl '~ + Tcellsin the DRG.

or repeated-measures t test followed by Bonferroni analysis. Statistical
significance was set at p < 0.05.

Results
Contribution of T cells to paclitaxel-induced
mechanical allodynia
To investigate the role of T cells in paclitaxel-induced mechanical
allodynia, we used Ragl ~/~ mice that are deficient in mature T and
B cells and compared them with wild-type (WT) C57BL/6 mice.
Mice were treated with paclitaxel (2 mg/kg, i.p., on days 0 and 2) or
vehicle, followed by measurement of mechanical allodynia using
von Frey hairs. No differences were detected in baseline sensitivity to
mechanical stimuli when comparing WT and Ragl ~/~ mice. After
paclitaxel treatment, WT and Ragl ~/~ mice displayed identical on-
set and maximal severity of mechanical allodynia (Fig. 1A). How-
ever, the resolution of mechanical allodynia was severely delayed in
Ragl ™'~ mice: WT mice treated with paclitaxel had completely re-
covered by day 12, whereas mechanical allodynia persisted for at
least 21 d in Ragl ~'~ mice (Fig, 1A).

To determine the contribution of T cells to recovery from CIPN,
we adoptively transferred CD3" T cells to Ragl '~ mice. CD3* T

A Vehicle B

C Secondary Alone (vehicle)

Figure 2.

D Secondary Alone (
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cells, isolated from spleens of C57BL/6 mice, were injected intrave-
nously into the tail veins of Ragl ~/~ and WT mice 1 d before pacli-
taxel treatment. The results in Figure 1B show that Ragl ~’~ mice
reconstituted with CD3™" T cells recovered from paclitaxel-induced
mechanical allodynia at rates comparable to WT mice. T-cell trans-
fer did not affect the recovery of CIPN in WT mice and did not affect
the onset or maximal level of paclitaxel-induced mechanical allo-
dynia in WT or Ragl ~'~ mice. These data indicate that T cells are
crucial for recovery from CIPN.

T-cell localization after paclitaxel treatment

Next, we investigated whether the T cells that were transferred to
Ragl ™/~ mice migrated to lumbar DRG that contain the cell
bodies of the primary sensory neurons innervating the hindpaws.
Adoptively transferred CD3™ T cells migrated to the DRG of
paclitaxel-treated Ragl '~ mice. The number of CD3™ T cells in
the DRG of Ragl ~/~ mice after T-cell transfer was similar to that
observed in WT mice on day 21 after paclitaxel treatment (Table
1). As expected, no CD3" T cells were present in the DRG of
Ragl ™/~ mice that did not receive T cells.

Recovery from paclitaxel-induced mechanical allodynia st-
arted from 7 d after paclitaxel treatment (Fig. 1). At this time
point, there was a significant increase in the number of CD3* T
cells in the lumbar DRG isolated from paclitaxel-treated mice
compared with those isolated from vehicle-treated WT mice (Fig.
2). Flow cytometric analysis revealed that the majority of T cells
in the DRG were CD8™ T cells and that paclitaxel treatment did
not alter this subset distribution (Table 2). The total number of
circulating peripheral blood T cells on day 7 was similar between
vehicle-treated and paclitaxel-treated mice (Table 3). Increased
T-cell numbers in the DRG had normalized by day 21 (Fig. 2E).

Paclitaxel
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T-cell localization after paclitaxel treatment. WT mice were treated with paclitaxel or vehicle as in Figure 14 and DRG were collected on day 7. A-D, Representative examples of

immunofluorescence analysis of DRG stained with (D3 antibody. Shown are: vehicle treated (A), paclitaxel treated (B), vehicle stained with secondary antibody alone (€), and paclitaxel stained with
secondary antibody alone (D). E, Quantification of T-cell numbers/DRG slice. Five slices per mouse were quantified; n = 3—4 mice/group. *p << 0.05, two-way ANOVA followed by Bonferroni post

test.. Scale bar, 20 m.



11078 - J. Neurosci., October 26, 2016 - 36(43):11074-11083

Table 2. Investigation of T-cell subpopulations in DRG

Treatment (D4 Teells 8™ Tcells
Vehicle 39.1 = 10.5 60.8 = 10.5
Paclitaxel 359+ 3.1 64.0 = 3.1

(57BL/6) mice were treated with paclitaxel and DRG were collected on day 7. T-cell subpopulations in DRG were
investigated by flow cytometry using (D45, (D3, (D8, and (D4 antibodies. Data represent the percentage of positive
cells within the total population of (D3 ™ T cells. Samples were pooled from 3 mice/group; n = 2. For the (D8 " and
(D4™ subpopulations, the percentage of total T cells was quantified.

Table 3. Peripheral blood T-cell numbers on day 7

Treatment 3" Teells (D4 Teells 8™ Tcells
Vehicle 282+0.7 13.6 = 0.6 8.675 = 0.1
Paclitaxel 30913 144+09 9.55+ 0.6

(57BL/6) mice were treated with paclitaxel and blood was collected on day 7. T-cell subpopulations were assessed
by flow cytometry using (D45, (D3, (D8, and (D4 antibodies. Data represent the percentage of each subset within
the (D457 leukocyte population. Student’s ¢ test did not reveal differences in (D3™, (D4, or (D8 percentage
between vehicle-treated and paclitaxel-treated mice.

Table 4. T-cell levels in the spinal cord on day 7

Treatment Mouse strain D3 (D8
Vehicle (57BL/6 1.0 = 0.09 1.0 = 0.21
Paclitaxel (57BL/6 1.104 = 0.15 1.64 = 0.35

(D3 and (D8 mRNA expression levels in lumbar spinal cord were examined on day 7 after paclitaxel treatment.
Student’s ¢ test did not reveal significant differences between groups; n = 7/group.

No T cells were detected in the spinal cord dorsal horn by immu-
nohistochemical analysis in paclitaxel-treated or vehicle-treated
mice. Quantitative RT-PCR analysis identified CD3 and CD8
mRNA in the spinal cords of WT mice, no changes were detected
in response to paclitaxel treatment (Table 4). These findings are
consistent with a previous report showing no T-cell infiltration
into the spinal cord in a model of oxaliplatin-induced peripheral
neuropathy (Janes et al., 2015).

Identification of the T-cell subset responsible for recovery
from paclitaxel-induced mechanical allodynia

To investigate which subset of T cells is required for promoting
recovery of mechanical allodynia, we transferred either CD4" T
cells or CD8™ T cells to Ragl '~ mice 1 d before paclitaxel ad-
ministration. Ragl ~'~ mice receiving CD8" T cells recovered
from paclitaxel-induced mechanical allodynia with kinetics sim-
ilar to recovery in WT mice (Fig. 3). In contrast, mechanical
allodynia persisted in Ragl ~/~ mice receiving CD4 " T cells (Fig.
3). The number of circulating CD4* and CD8™ T cells on days
19-21 was comparable between reconstituted Ragl /~ and WT
mice, indicating that transfer of both subsets was successful
(Table 5).

Impact of endogenous IL-10 on recovery from
paclitaxel-induced mechanical allodynia

CD8™ T cells exert their regulatory effects in part through the
production of anti-inflammatory cytokines such as IL-10 and
TGF-B (Abel et al., 2006; Dai et al., 2010; Saraiva and O’Garra,
2010; Gabrysovd et al., 2014; Kashi et al., 2014). We used neutral-
izing antibodies specific for IL-10 or TGF-f to examine the con-
tribution of these anti-inflammatory cytokines to recovery from
paclitaxel-induced mechanical allodynia in WT mice. IL-10- and
TGEF-B-blocking antibodies or an isotype control antibody were
administered intrathecally to target both DRG and spinal cord
(Abram et al., 2006; Jacques et al., 2012; Homs et al., 2014; Lau-
met et al., 2015). Mice were injected with the antibodies daily
from days 6-10 after paclitaxel administration and mechanical
allodynia was measured. Neutralizing antibodies against IL-10
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Figure3. Identification of the T-cell subset responsible for recovery from paclitaxel-induced

mechanical allodynia. Paclitaxel (2 mg/kg, i.p.) was administered to Rag1~'~ mice on day 0
and day 2.CD8™ or (D4 T cells were adoptively transferred to Rag1~’~ mice 1d before the
first paclitaxel treatment. Shown are: PBS + paditaxel (circles, black line); (D4 T cells +
padlitaxel (squares, gray line); and (D8 T cells (open triangles, dashed black line). Mechanical
allodynia was measured as in Figure 1. Two-way repeated-measures ANOVA showed a main
effect of time (p << 0.0001), group (p << 0.03), and a group-by-time interaction (p << 0.001).
Bonferroni post hoc analysis for (D8 T cells versus saline: *p << 0.05, **p << 0.01, ***p <
0.001; n = 4—6/group. No significant differences were observed between mice receiving
(D4 T cells or saline.

Table 5. Confirmation of adoptive T-cell transfer

Treatment Mouse strain Intravenous treatment (4™ Tcells (D8 Teells
Vehicle (57BL/6 N/A 153+ 09 10.8 = 0.5
Paclitaxel (57BL/6 N/A 157 £ 1.1 104 0.1
Paclitaxel ~ Ragl /™ PBS 0300 0.4+ 0.1
Padlitaxel Ragl /™~ (D8 Tcells 0.7 =00 93+07
Paclitaxel Ragl ~/~ (D4™ Tcells 153 + 1.6 1703

Effective adoptive transfers were confirmed by investigating T-cell blood percentages at experiment termination
(days 19-21). Blood was collected by cardiac puncture and flow cytometry staining was done with (D45, (D8, and
(D4 antibodies. The percentage of (D45 * leukocytes was determined for the (D4 and (D8 T-cell populations.
One-way ANOVA did not reveal differences in (D4 or (D8 percentages among vehicle-treated (57BL/6 mice,
paclitaxel-treated mice, or Rag1 ~/~ mice that received either (D4 or (D8* T cells.

N/A, Not applicable.

delayed recovery from paclitaxel-induced mechanical allodynia
significantly (Fig. 4A). In contrast, intrathecal administration of a
TGEF-f blocking antibody did not change the recovery times
compared with a control antibody. To further evaluate the im-
portance of IL-10 in recovery from CIPN, IL-10"'~ mice were
treated with paclitaxel and mechanical allodynia was followed
over time. The results in Figure 4B show that mechanical allo-
dynia was prolonged in IL-10~/~ mice until at least day 21. Next,
we analyzed the contribution of endogenous IL-10 signaling in
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Figure 4.  Impact of endogenous IL-10 on recovery from paclitaxel-induced mechanical allodynia. A, Paclitaxel (2 mg/kg, i.p.) was administered to WT mice on day 0 and day 2. Anti-IL10,

anti-TGF-3, or control antibodies (10 pg/mouse/d) were administered intrathecally from days 6 —10, and mechanical allodynia was followed over time. Shown are: 1gG (circles, gray line); anti-IL-10
(squares, black line); and anti-TGF-3 (open triangles, gray dashed line). Two-way repeated-measures ANOVA showed a main effect of time (p << 0. 001), a group effect (p << 0.01), and a
group-by-time interaction (p << 0.001). Bonferroni post hoc analysis of anti-IL10 versus isotype-control antibody: ***p << 0.001; n = 8 —10/group. B, Paclitaxel (2 mg/kg, i.p.) was administered
toIL-10/~ or WT mice on day 0 and day 2. Shown are: IL-10 /"~ mice (gray circles), WT mice (black squares). Two-way repeated-measures ANOVA showed a main effect of time (p << 0.001),a
group effect (p < 0.001), and a group-hy-time interaction (p < 0.001). Bonferroni post hoc analysis: ***p << 0.001; n = 6 ~7/group. €, Padlitaxel (2 mg/kg, i.p.) was administered to Rag1 ™/~
mice on day 0 and day 2. (D8 cells isolated from WT mice were adoptively transferred to Rag1~/~ mice 1 d before the first paclitaxel treatment. Anti-IL10 or control IgG antibodies (10
wwg/mouse/d) were administered intrathecally from days 6 —10 and mechanical allodynia was followed over time. Shown are: IgG (D8 * Rag1 '~ (open circles) and IL-10 (D8 * Rag1~/~ (black
squares). Two-way repeated-measures ANOVA showed a main effect of time (p << 0.001), a group effect (p << 0.001), and a group-by-time interaction (p << 0.001). Bonferroni post hoc analysis:
*p < 0.05, ***p < 0.001; n = 8/group. D, Paclitaxel (2 mg/kg, i.p.) was administered to WT mice on day 0 and day 2. IL-10 mRNA expression levels in lumbar spinal cord were examined on day
7 after paclitaxel treatment. Student’s ¢ test measured differences between vehicle-treated (open bars) and paclitaxel-treated (black bars) mice. **p << 0.01; n = 8/group. E, Paclitaxel (2 mg/kg,
i.p.) was administered to Rag1 ™/~ mice on day 0 and day 2. (D8 * cells isolated from IL-10~/~ mice were adoptively transferred to Rag1 ™"~ mice 1 d before the first paclitaxel treatment and
mechanical allodynia was assessed. Shown are: PBS (open circles, gray dashed line) and IL-10 7~ 4 (D8 T cells (squares, black line). One-way repeated-measures ANOVA showed a main effect
of time (p << 0.001), a group effect (p << 0.001), and a group-by-time interaction (p << 0.001). Bonferroni post hoc analysis: **p << 0.01; ***p << 0.001; n = 8/group. F, IL-10 receptor mRNA levels
were assessed in lumbar DRG of WT mice, Rag1~/~ mice, and Rag1~/~ mice reconstituted with (D8 T cells at day 7 after paclitaxel treatment. Shown are: WT + vehicle (open black bars);
WT -+ padlitaxel (black bars); Rag1 '~ -+ vehicle (open gray bars); Rag1 ™~ -+ padlitaxel (gray bars); and Rag1 ™"~ + paclitaxel + (D8 T cells (patterned bars). One-way ANOVA revealed
significant differences between groups. *p << 0.05; n = 6-10/group.

CD8" T-cell-mediated resolution of CIPN. Ragl /"~ mice were
reconstituted with CD8™ T cells and treated with paclitaxel, fol-
lowed by daily intrathecal administration of IL-10-blocking an-
tibody or IgG control antibody (day 6-10). The intrathecal
administration of IL-10 antibody prevented resolution of CIPN
in the Ragl ~/~ mice reconstituted with CD8" T cells, whereas
reconstituted mice treated with control IgG recovered by day 17

(Fig. 4C). These data demonstrate that CD8-mediated resolution
of CIPN is dependent on endogenous IL-10 signaling.

Next, we investigated whether paclitaxel increases IL-10
mRNA and/or IL-10R1 expression in lumbar DRG and/or spinal
cord. Paclitaxel increased IL-10 mRNA in the spinal cord (Fig.
4D), but not in DRG (data not shown). It is possible that CD8* T
cells infiltrating the DRG produce low levels of IL-10 that we did
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Effect of IL-10 on paclitaxel-induced mechanical allodynia and spontaneous discharges of DRG neurons. A, IL-10 synerkine (1 wg/mouse) was administered intrathecally from days 5—- 8

after the start of paclitaxel treatment and mechanical allodynia was monitored. Shown are: IL-10 synerkine (open circles, black dashed line) and saline (squares, gray line). Two-way repeated-
measures ANOVA revealed a main effect of time (p << 0.001), a group effect (p << 0.01), and a group-by-time interaction ( p << 0.05). Bonferroni post hoc test: **p << 0.01;n = 10/group. B, Lumbar
DRG neurons from paclitaxel-treated rats were cultured in vitro. Spontaneous activity was recorded at baseline, after the addition of IL-10, and after washout. C, Bar graphs summarize results

obtained in seven cells from four paclitaxel-treated animals.

not detect using quantitative RT-PCR. To address this possibility,
we transferred CD8" T cells from IL-10"/~ mice to Ragl /~
mice. However, CD8" T cells from IL-10"/~ mice were fully
capable of promoting resolution of paclitaxel-induced allodynia
in Ragl ™/~ mice (Fig. 4E). These data demonstrate that the
CD8™" T-cell population is necessary for the resolution of CIPN,
but the CD8 ™ T cell is not the source of the IL-10 required for this
resolution.

Interestingly, paclitaxel increased the expression of mRNA
encoding IL-10R1 in the DRG of WT mice, but not in the DRG of
Ragl /" mice. Paclitaxel did induce an increase in IL-10R1
mRNA in DRG of Ragl /™ mice reconstituted with CD8* T cells
(Fig. 4F).

Effect of IL-10 on paclitaxel-induced mechanical allodynia
and spontaneous activity of DRG neurons

Knowing that IL-10 is necessary for resolution of mechanical
allodynia, we investigated whether administration of exogenous
IL-10 suppresses CIPN in T-cell-deficient mice. Ragl ~/~ mice
were treated intrathecally with IL-10 synerkine or PBS from days
5 to 8 after paclitaxel treatment. The results shown in Figure 5A
demonstrate that IL-10 relieves CIPN transiently. Next, we ana-
lyzed the effect of IL-10 on paclitaxel-induced spontaneous dis-
charges in DRG neurons (Li et al., 2015). Consistent with earlier
studies, DRG neurons displayed abnormal spontaneous dis-
charges after in vivo exposure to paclitaxel. The addition of IL-10
inhibited these spontaneous discharges transiently, indicating
that IL-10 suppresses paclitaxel-induced spontaneous discharges
without affecting neuronal survival (Fig. 5B, C).

Discussion

We propose the novel concept that understanding the endoge-
nous mechanisms that regulate resolution of CIPN will allow for
the identification of therapeutic targets to promote recovery in
patients with persistent CIPN. Here, we demonstrate for the first
time that CD8™ T cells are essential for recovery from paclitaxel-
induced mechanical allodynia. In addition, we identify a thus far

unappreciated key role for endogenous IL-10 in recovery from
CIPN by showing that genetic deletion or antibody-mediated
inhibition of IL-10 prolonged paclitaxel-induced mechanical al-
lodynia. The CD8™ T-cell-mediated resolution of CIPN is depen-
dent on endogenous IL-10 signaling, but CD8* T cells are not the
source of the IL-10 needed for resolution. Notably, CD8" T cells
are required to increase the expression of IL-10R1 in the DRG of
paclitaxel-treated mice. Consistent with a role for IL-10 in the
resolution of CIPN, intrathecal administration of exogenous
IL-10 reduced paclitaxel-induced mechanical allodynia in T-cell-
deficient Ragl ~'~ mice. Finally, we show that in vitro IL-10 sup-
pressed the abnormal spontaneous discharges of DRG neurons
exposed to paclitaxel in vivo. These findings identify a novel
and critical role for CD8™ T cells and IL-10 in recovery from
paclitaxel-induced mechanical allodynia and are initial steps to-
ward identifying the mechanisms responsible for recovery from
CIPN.

Our finding that T cells—in particular, CD8" T cells—are
critical for recovery from CIPN is novel and unexpected. Consis-
tent with a role in resolution, the number of CD8" T cells in
lumbar DRG was increased at day 7 after paclitaxel, when the WT
mice started to recover from mechanical allodynia. At this point,
it is unclear whether the resident T cells that were present in the
DRG of naive mice proliferated during recovery from paclitaxel
treatment or if paclitaxel induces infiltration of additional T cells
into the DRG.

Our present data demonstrate that transfer of CD8" T cells
was sufficient to normalize resolution of CIPN in Ragl_/ ~ mice,
whereas CD4™" T cells had no effect. There are conflicting data on
the role of CD4" T cells in other neuropathy models. In nerve
damage- and inflammation-induced mechanical allodynia, de-
pletion of CD4* Tregs leads to worsened pain. There is evidence
that CD4™ Tregs infiltrate into the DRG in these models and
expansion of CD4 " Tregs relieves pain transiently (Austin et al.,
2012; Lees et al., 2015). Others have observed that CD4™ cell
infiltration into the spinal cord contributes to persistent pain in
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response to nerve ligation (Cao and DeLeo, 2008; Costigan et al.,
2009). In our model of CIPN, Ragl ~/~ mice that did not have T
cells had anormal onset and severity of pain and transfer of CD4 ™"
T cells was not sufficient to normalize resolution in Ragl ™/~
mice, whereas transfer of CD8 T cells induced recovery. These
findings indicate that CD4" T cells are neither sufficient nor
required for resolution of CIPN. Similarly, we do not have evi-
dence that B cells, which are also lacking in Ragl '~ mice, are
required for onset, severity, or resolution of CIPN. Nevertheless,
it is possible that expansion of selective subsets of CD4™ T-cell
subpopulations (e.g., CD4™ Tregs or Th2 cells) or B cells are
capable of modulating CIPN.

Recent studies have identified sexual dimorphisms in the con-
tribution of T cells and microglia to inflammatory pain induced
by complete Freund’s adjuvant and to neuropathic pain induced
by nerve injury (Sorge et al., 2011, 2015). Consistent with our
present data, Sorge et al. (2015) showed that there was no differ-
ence between male and female T-cell-deficient mice and WT
mice in the onset or severity of inflammatory and neuropathic
pain. These observations support our conclusion that T cells are
not required for the development of pain. The same study iden-
tified a sex difference in the contribution of the adaptive immune
system, presumably T cells, to neuropathic and inflammatory
pain under conditions in which microglial inhibitors were ap-
plied. Under these conditions, it became clear that microglia ac-
tivity is required for pain in males. In contrast, females do not
need to engage microglial activity to develop chronic pain, but
only depend on microglia activity in the absence of T cells. It
should be noted that there is little to no evidence for microglia
activation in models of CIPN even though most of these studies
were performed in males (Zhang et al., 2012; Di Cesare Mannelli
etal,, 2013; Janes et al., 2014; Robinson et al., 2014; Vichaya et al.,
2015). Importantly, resolution of pain was not investigated in the
study by Sorge et al. (2015). However, we have preliminary evi-
dence that resolution of cisplatin-induced neuropathy is pro-
longed in female T-cell-deficient Rag2 ™'~ mice and that transfer
of CD8" T cells normalizes resolution (data not shown). It re-
mains to be determined whether there are sex differences in the
contribution of T cells to resolution of inflammatory and neuro-
pathic pain.

We show that both CD8™ T cells and endogenous IL-10 are
required for the resolution of CIPN. Genetic deletion of IL-10
delayed recovery from paclitaxel-induced mechanical allodynia
markedly and these mice do have CD8" T cells. In addition,
blockade of spinal cord and DRG IL-10 signaling by intrathecal
administration of anti-IL-10 delayed recovery from paclitaxel-
induced mechanical allodynia markedly in both WT mice and in
Ragl ™'~ mice reconstituted with CD8" T cells. These findings
support a model in which CD8" T cells promote resolution of
CIPN via an IL-10-mediated pathway. Consistent with a key role
for IL-10 in the resolution of pain, daily intrathecal injections of
IL-10 synerkine to Ragl '~ mice resulted in transient reduction
of paclitaxel-induced mechanical allodynia. It is possible that in-
creasing either the dose or the duration of treatment with IL-10
synerkine would lead to full recovery of paclitaxel-treated mice.
Indeed, previous studies indicate that IL-10 suppresses pain tran-
siently in response to nerve ligation or exposure to paclitaxel
(Chacur et al., 2004; Milligan et al., 2005; Ledeboer et al., 2007;
Shen et al., 2013). Prolonged increases in IL-10 induced by intra-
thecal administration of an IL-10-encoding construct leads to
persistent reduction of pain (Ledeboer et al., 2007).

We propose that at least part of the beneficial effect of IL-10 is
mediated via direct effects of IL-10 on IL-10 receptors that are
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expressed by DRG neurons. In support of this hypothesis, we
show that in vitro IL-10 suppresses the abnormal discharges of
DRG neurons that are induced by in vivo exposure to paclitaxel.
Moreover, it has been shown that in vitro culture of normal DRG
neurons with IL-10 reverses voltage-gated sodium currents,
thereby reducing neuronal excitability (Chen et al., 2011; Shen et
al., 2013). The question arises whether the in vivo paclitaxel-
induced increase in spinal cord IL-10 promotes resolution of
CIPN via an effect on IL-10 receptors in DRG and/or spinal cord.
One possibility would be that IL-10 produced in the spinal cord
binds to IL-10 receptors on projections of DRG neurons in lam-
inaIand II of the spinal cord to suppress spontaneous discharges.
Although speculative, spinal cord IL-10 may also diffuse to the
DRG to have suppressive effects on spontaneous activity gener-
ated in DRG somata and/or have effects on spinal cord glia and/or
infiltrating macrophages, leading to reduced pain (Zhu et al,,
2016). Suppression of spontaneous activity in DRG neurons
would be expected to reduce spontaneous pain that the animals
with CIPN may experience. However, DRG neurons that develop
spontaneous activity are also hyperexcitable to afferent inputs
(Zhang and Dougherty, 2014). Therefore, suppression of spon-
taneous activity likely also reduces mechanical allodynia, as
shown here in response to IL-10 treatment in vivo.

In conclusion, the work presented here is the first to identify a
novel key regulatory role for CD8™ T cells and endogenous IL-10
production in recovery from paclitaxel-induced mechanical allo-
dynia. We have also demonstrated that CD8™ T cells are required
to upregulate IL-10 receptors in the DRG during resolution of
CIPN and that, in vitro, IL-10 suppresses the paclitaxel-induced
spontaneous discharges of DRG neurons directly. Further studies
should elucidate the mechanisms via which CD8™ T cells increase
IL-10 receptors and how IL-10 signaling suppresses the abnormal
spontaneous activity of DRG neurons. Increased understanding
ofthe role of CD8™ T cells and IL-10 signaling in the resolution of
CIPN could lead to novel interventions to prevent and treat this
persistent side effect of cancer treatment.
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