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SUMMARY

Our goal was to probe the potential transcriptomic basis for the relationship between plasma levels of the
specialized pro-resolving precursor, 17-hydroxy-docosahexaenoic acid (17-HDHA) and chronic pain. Partic-
ipants with osteoarthritis (average age of 62.3, 60% were female, n = 30) were stratified by levels of 17-HDHA
and self-reported pain scores. RNAs from CD14++/CD16-/CD66b-/HLA-DR+ (classical) monocytes were
sequenced and differentially expressed mRNAs were identified with DESeq2. QIAGEN ingenuity pathway
analysis identified the top ranked canonical biological pathway to be eukaryotic initiation factor 2 (EIF2)
signaling (lower activation level in the low 17-HDHA-high pain group compared to the high 17-HDHA-low
pain group (Z score —3)), followed by EIF4 and P70S6K signaling pathways and mTOR signaling. Our
approach provides insight into the biological pathways contributing to the association between 17-HDHA
and chronic osteoarthritis (OA) pain, identifying EIF2 signaling, with known roles in osteoclast differentiation,

OA pathology, and pain, as a potential downstream target.

INTRODUCTION

Chronic pain is a global burden, and osteoarthritis (OA) is the
fastest growing contributor.” OA involves changes in multiple sy-
novial joint tissues® and variable pain severity.® Joint inflamma-
tion is an important pain driver,” but non-steroidal anti-inflamma-
tory drugs have limited therapeutic utility and major long term
safety issues.” Dynamic changes to the OA joint include the
recruitment of circulating monocytes to the synovium and their
differentiation into tissue macrophages,® which have increased
plasticity compared to resident macrophages.” Synovial accu-
mulation of pro-inflammatory macrophages is a feature of
OA®? and the release of pro-inflammatory cytokines and lipids
by subsets of recruited and tissue resident macrophages drives
OA pathology and the sensitization of sensory nerves and
pain.2'® Peripheral noccieptor sensitization mechanisms
include signaling pathways upstream of translation, such as
the phosphorylation of PI3K, AKT, MAPKs, mTOR, elF4E, and

s6, which have been associated with inflammatory pain states
and the transition to chronic pain."

The oxylipins are derived from omega-3 and -6 polyunsaturated
fatty acids (PUFAs) via the cyclooxygenase-2, cytochrome P450,
and lipoxygenase enzymatic pathways by multiple cell types.'?
The resolvins, maresins, lipoxins, and protectins are a class of oxy-
lipins termed “specialised pro-resolving mediators” (SPMs)."*
SPMs have been suggested to curtail inflammatory responses
via multiple mechanisms, including inhibition of nuclear factor
kappa B (NF-kB) activation, attenuation of chemokine and cyto-
kine production, and regulation of leukocyte trafficking and clear-
ance.'® We reported that higher levels of 17-docosahexaenoic
acid (17-HDHA), a precursor to the D-series resolvins, are associ-
ated with lower heat pain thresholds in healthy volunteers, and with
lower pain scores in OA patients.15 Afinding also present in a mu-
rine model of post-traumatic OA, where we also reported
increased numbers of CD68 and CD206 positive macrophages
in the murine OA knee joint."® Importantly given the controversy

oot iScience 28, 111862, February 21, 2025 © 2025 The Authors. Published by Elsevier Inc. 1

uuuuu

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:victoria.chapman@nottingham.ac.uk
https://doi.org/10.1016/j.isci.2025.111862
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.111862&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢ CellPress

OPEN ACCESS

surrounding the SPMs,'” exogenous administration with 17-HDHA
reduced pain behavior in an experimental model of OA'® and
exogenous application of the D- and E-series resolvins reduced
experimental inflammatory and neuropathic pain responses.'®?"
Multiple lines of evidence support 17-HDHA driving an anti-inflam-
matory macrophage phenotype.’”** We hypothesized that
circulating levels of 17-HDHA and pain may be associated with
transcriptomic differences in populations of monocytes.

The aim of this study was to use next-generation sequencing
of classical and intermediate monocytes collected from people
with varying levels of OA pain and plasma 17-HDHA to undertake
an exploratory analysis of the potential contribution of the mono-
cyte transcriptome to this relationship. Using an priori analysis of
genes involved in the 17-HDHA pathway and inflammatory
signaling and an unbiased QIAGEN ingenuity pathway analysis
of the differential gene expression, we identified gene expression
patterns with known pain and stress response-related biological
pathways in the classical monocytes which are implicated in the
variance in levels of 17-HDHA and pain in people with OA.

RESULTS

Self-reported pain, plasma levels of 17-HDHA and mRNA
expression in two populations of monocytes were analyzed
from 30 people with OA recruited from the iBEAT OA cohort (Fig-
ure 1).%° Participants in this study had an average age of 62.3,
body mass index (BMI) of 30.1, Kellgran-Lawrence (KL) grade
of 2, an numerical rating scale (NRS) score of 5, and 60% were
female (Table 1). Peripheral blood mononuclear cells (PBMCs)
were isolated from whole blood using fluorescence-activated
cell sorting (FACS). Monocytes were separated into classical
CD14++/CD16-/CD66b-/HLA-DR+ (classical) and CD14++/
CD16+/CD66b-/HLA-DR+ 9 intermediate) populations (Figure 1).
There were no correlations between the numbers of the two
monocyte populations with self-reported pain or 17-HDHA
plasma concentration (data not shown).

A prior gene analysis in two populations of monocytes
We first focused on an a priori set of genes, selected on the basis
of established involvement in the synthesis and catabolism of
17-HDHA, the receptors for the resolvins, and OA associated in-
flammatory molecules. Associations of these genes with plasma
levels of 17-HDHA and pain scores were analyzed for the two
monocyte populations. For the classical monocytes, the rlog
transformed hit counts for PLA2G6, which encodes a phospholi-
pase A2, were correlated with plasmalevels of 17-HDHA (Table 2).
For the intermediate monocytes, the rlog transformed hit counts
for EPHX2, which encodes soluble epoxide hydrolase, were
correlated with plasma levels of 17-HDHA (Table 3). None of the
a priori genes studied in the two monocyte populations were
significantly associated with OA pain scores (Tables 2 and 3).
Differentially expressed gene expression patterns in

two populations of monocytes

The second stage of analysis focused on the gene expression pat-
terns when participants stratified based on their pain scores (low
pain <5.9 for NRS, high pain >6 for NRS) and plasma concentra-
tions of 17-HDHA (low 17-HDHA <0.49 nmol, high 17-HDHA
>0.5nmol) (Table 1). While these groups had significantly different
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self-reported pain scores and plasma concentrations of 17-HDHA
(Figure S1), other clinical characteristics, including age, sex, BMI,
and KL scores were comparable between groups (Table 1). There
were no differences in the proportion of the different monocyte
populations when expressed as a percentage of total monocytes
and percentage of total live cells between the 4 groups (Figure S2).

The DESeq?2 pipeline identified a number of differentially ex-
pressed up- and downregulated genes between the different
subgroups (Table 4; Table S1) for the classical (Table 5) and inter-
mediate (Table 5) monocytes. For our primary comparison of the
groups high 17-HDHA-low pain (HH-LP) versus low 17-HDHA-
high pain (LH-HP), 4 differentially expressed genes (DEGs) were
identified (adjusted p < 0.05) for the classical monocytes (hemo-
globin subunit beta [HBB], hemoglobin subunit alpha 1 [HBA1],
hemoglobin subunit mu [HBM], and hemoglobin subunit delta
[HBD]) (Table 5), and no DEGS were identified for the intermediate
monocytes (Table 5). The low number of differentially expressed
genes (DEGs) identified are hypothesized to be due to the
inherent variability between patient samples coupled with the
small patient sample groups. To avoid imposing undue value
on individual gene expression patterns, QIAGEN IPA was utilized
to investigate any biologically relevant expression patterns. This
exploratory analysis was performed using genes with an unad-
justed p < 0.05 and log2 fold change >1 for the primary compar-
ison of interest (HH-LP versus LH-HP). Ranking of pathways for
this comparison for the classical monocytes identified eukaryotic
initiation factor 2 (EIF2) signaling as the top ranked pathway (Ta-
ble 6), which had a lower activation level in the LH-HP group
compared to the HH-LP group (Z score —3). The genes making
up the EIF2 signaling pathway for the HH-LP and LH-HP compar-
ison are described in Table 7 and the direction and expression
pattern are shown graphically in Figure 2. Key elements of the
EIF2 signaling pathway included the predicted activation of
PDPK1 and AKT upstream of elF2B (Figure 2). Other elements
of the EIF2 signaling pathway (including CDK11A and multiple
RPL ribosomal proteins), which drive changes to signaling related
to translation initiation of select RNAs, were predicted to have a
lower activation status (Figure 2). To assess whether the pre-
dicted changes to the EIF2 signaling pathway reflected transcrip-
tomic differences specific to the relationship between levels of
17-HDHA and pain, the transcriptomic variation associated
with pain irrespective of levels of 17-HDHA was also determined.
The gene expression patterns identified in the classical mono-
cytes for high pain alone included two genes (CDK11A and
RPS8) with a p value < 0.05, that contributed to EIF2 signaling
pathway identified in our primary comparison of interest (Table 7).
For the transcriptomic variation associated with levels of
17-HDHA alone, one gene (RPS26) with a p value < 0.05 overlap-
ped with the genes contributing to the EIF2 signaling pathway
identified in our primary comparison of interest (Table 7).

The next two top ranked pathways identified by this explor-
atory analysis of the comparison of HH-LP versus LH-HP in clas-
sical monocytes were EIF4 and P70S6K signaling pathways and
mTOR signaling (Table 6), Z scores however were not available
for these pathways and therefore the direction of effects are
unknown. The genes making up these two pathways for the
HH-LP and LH-HP comparison in the classical monocytes are
described in Table 7.
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Figure 1. Flow cytometry gating strategy for sorting monocytes
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Analytical gating of flow cytometry data: (A) PBMCs were gated on a forward scatter (FSC) versus forward scatter (FSC) plot; (B) gating strategy to identify single
cells; (C) gated on Pl negative cells to determine viable cells; (D) gating strategy to remove granulocytes; (E) gating strategy to remove lymphocytes; (F) gating
strategy to remove B cells and activated T cells; and (G) gating of monocyte subsets was performed for classical (CD14+/CD16-), intermediate (C14+/CD16+),

and non-classical (CD14-/CD16+) populations.

QIAGEN IPA was also utilized to investigate any biologically
relevant expression patterns between the HH-LP versus LH-
HP groups for the intermediate monocyte population. In this
case, the top ranked pathways were communication between
innate and adaptive immune cells and hematopoiesis from
pluripotent stem cells and phospholipase signaling (Table 6). A
comprehensive comparison of the pathways identified by IPA
for the classical and intermediate monocytes for the HH-LP
versus LH-HP groups is provided in supplemental information
(Figure S3; Table 2). None of the top 8 pathways identified in
the classical monocytes were present in the comparison of the
same groups for the intermediate monocytes (Table 6). Overlap-
ping pathways between the two monocyte populations for the
comparison of interest included communication between innate
and adaptive immune cells, hematopoiesis from pluripotent
stem cells, CCR5 signaling in macrophages, IL15 signaling and
multiple other pathways with known roles in osteoarthritis and
rheumatoid arthritis (Table S2).

DISCUSSION

The present study explored the potential transcriptomic basis for
the relationship between plasma levels of 17-HDHA and OA pain.

An a priori analysis of selected genes identified that the expres-
sion levels of two genes (PLA2G6 and EPHX2) were associated
with plasma levels of 17-HDHA. None of the a priori genes
were associated with self-reported pain scores. An unbiased
DESeq?2 analysis of the transcriptomic datasets for the classical
and intermediate monocytes identified DEGs for the key com-
parison of interest (high 17-HDHA-low pain versus low 17-
HDHA-high pain). An exploratory QIAGEN IPA analysis of gene
expression patterns identified EIF2 signaling as the top ranked
pathway for the classical monocytes for this comparison, with
levels of signaling via this pathway predicted to be lower in the
low 17-HDHA high pain group. EIF2 signaling has known roles
in osteoclast differentiation, which contributes to both OA pa-
thology and pain. The next two ranked pathways for the classical
monocytes were EIF4 and P70S6K signaling pathways and
mTOR signaling, both of which contribute mechanistically to
chronic pain. These top ranked were not identified for the equiv-
alent comparison for the intermediate monocyte population,
which was predominantly composed of immune function path-
ways. The differences in ranked pathways for the two popula-
tions of circulating monocytes in this study likely reflect their
distinct biological roles following differentiation. Once recruited
to the synovium, monocytes are exposed to signals in the joint
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Table 1. Characteristics of the study participants and sub-groups

Low 17-HDHA-low

High 17-HDHA-low

Low 17-HDHA-high

High 17-HDHA-high

All participants pain (LHLP) pain (HHLP) pain (LHHP) pain (HLHP)
Group size (n) 30 9 8 8 5
Sex (n, % female) 18 (60.0%) 5 (56%) 5 (62.5%) 5 (62.5%) 3 (60.0%)
Age (mean, SD) 62.3 (7.1) 61.2 (2.2) 66.2 (3.0) 61 (2.6) 62 (2.3)
BMI (mean, SD) 30.1 (6.0) 33.2 (2.3 28.1 (2.5) 27.9 (1.3 31.1(1.7)
KL grade (median, IQR) 2(1-2.8) 2 (1.0-2.5) 2 (1.0-3.0) 1.5 (1.0-3.0) 2 (1.5-2.0)
NRS score (median, IQR) 5 (4-7) 4 (2.5-5.0) 4.3 (2.5-5.0) 7 (6.6-7.8) 7 (6.0-7.5)
Plasma 17-HDHA 0.43 (0.2) 0.23 (0.03) 0.6 (0.04) 0.33 (0.04) 0.68 (0.05)

concentration
(nM [mean, SD])

Classical monocyte
count (median, IQR)

9805 (3378-15598) 13347 (9039-15846)

Intermediate monocyte
count (median, IQR)

943 (365-1571) 1083 (968-1681)

10887 (4252-18948) 19452 (1297-19452) 5277 (2720-104472)

571 (383-3959) 377 (162-1179) 524 (218-10954)

BMI, body mass index; KL, Kellgran-Lawrence; NRS, numerical rating scale; 17-HDHA (17-hydroxydocosahexaenoic acid).

which stimulate their differentiation into immune cells which can
range in phenotype. Classical (CD14"9") monocytes can differ-
entiate further into pro-inflammatory macrophages and osteo-
clasts, contributing to synovial tissue inflammation and bone
erosion, whereas intermediate (CD14"9"CD16™9") monocytes

can differentiate into pro-inflammatory macrophages contrib-
uting to tissue inflammation.?® As circulating and synovial mono-
cytes are likely to be transcriptionally distinct, this study high-
lights the importance of the systemic differences in the
monocyte transcriptome between people with varying levels of

Table 2. Correlations between selected genes with NRS and 17-HDHA levels in classical monocytes

Classical monocytes

Correlation with pain Correlation with 17-HDHA

Gene Name r p value r p value
Related to synthesis of resolvins ALOX12 —0.08869 0.6412 —0.2912 0.1184
ALOX15B —0.2845 0.1275 0.2516 0.1798
ALOX5 —0.05223 0.784 —0.004672 0.9805
ALOX5AP —0.05875 0.7578 —0.3264 0.0783
CYP4F22 —0.07091 0.7096 0.0623 0.7436
CYP4F3 -0.1189 0.5316 —0.09812 0.606
CYP4V2 0.2544 0.1749 0.2743 0.1424
LTA4H -0.124 0.5137 -0.176 0.3522
PTGS2 —0.01531 0.936 —0.06408 0.7366
Related to degradation of resolvins HPGD 0.09973 0.6001 —0.2459 0.1903
Genes for resolvin receptors CMKLR1 —0.1344 0.4789 0.1738 0.3584
FPR2 —0.08082 0.6712 —0.03382 0.8592
LTB4R —0.2085 0.269 0.02225 0.9071
LTB4R2 0.2123 0.2601 0.08455 0.6569
Other genes of interest TBXAS1 -0.1182 0.5339 —0.05473 0.7739
EPHX1 —0.07451 0.6956 —0.03093 0.8711
EPHX2 0.2256 0.2307 —0.1618 0.3931
PLA2G12A 0.01801 0.9247 —0.06252 0.7428
PLA2G15 0.06618 0.7282 —0.02603 0.8914
PLA2G4A —0.06551 0.7309 0.08677 0.6484
PLA2G4C 0.07181 0.7061 —0.03738 0.8445
PLA2G6 0.2145 0.2549 0.3702 0.044

A Priori analysis of 22 genes of interest involved in the synthesis, metabolism, and signaling of 17-HDHA in the classical monocyte population (n = 30).
The relationship between the rlog transformed hit counts of the selected genes and the self-reported pain (NRS) or 17-HDHA concentration were
analyzed by Spearman’s Rho with correction for multiple comparison using false discovery rate.

4 iScience 28, 111862, February 21, 2025
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Table 3. Correlations between selected genes with NRS and 17-HDHA levels in intermediate monocytes

Intermediate monocytes Correlation with pain Correlation with 17-HDHA
Gene name r p value r p value
Related to synthesis of resolvins ALOX12 0.08217 0.666 —0.2961 0.1121
ALOX15B 0.002476 0.9896 0.1095 0.5647
ALOX5 0.02544 0.8939 —0.02336 0.9025
ALOX5AP 0.0959 0.6142 —0.3469 0.0604
CYP4F22 0.2271 0.2274 0.07209 0.705
CYP4F3 0.02431 0.8985 —0.1778 0.3473
CYP4v2 0.06326 0.7398 0.1549 0.4139
LTA4H —0.2632 0.16 0.02381 0.9006
PTGS2 0 0.9999 0.1644 0.3853
Related to degradation of resolvins HPGD 0.1342 0.4797 —0.1406 0.4586
Genes for resolvin receptors CMKLR1 —0.1468 0.439 0.2114 0.2622
FPR2 —0.06461 0.7345 0.2203 0.2421
LTB4R —0.06191 0.7452 —0.02447 0.8979
LTB4R2 0.1997 0.2901 —0.1604 0.3971
Other genes of interest TBXAS1 —0.3305 0.0745 0.1473 0.4373
EPHX1 —0.04502 0.8132 —0.3344 0.0709
EPHX2 0.06033 0.7515 —0.3705 0.0439
PLA2G12A 0.1916 0.3105 —0.1673 0.3768
PLA2G15 0.2611 0.1634 —0.1662 0.3801
PLA2G4A —0.118 0.5347 0.02981 0.8757
PLA2G4C 0.05043 0.7913 —0.1279 0.5005
PLA2G6 0.07519 0.6929 -0.2717 0.1464

A Priori analysis of 22 genes of interest involved in the synthesis, metabolism, and signaling of 17-HDHA in the intermediate monocyte population (n =
30). The relationship between the rlog transformed hit counts of the selected genes and the self-reported pain (NRS) or 17-HDHA concentration were
analyzed by Spearman’s Rho.

pain and pro-resolution molecules, which may influence subse- Associations between 17-HDHA and a priori selected
quent synovial monocyte functionality, monocyte-derived im- genes in OA monocytes

mune cell phenotype, and their contribution to OA pain and OA is a complex disease involving multiple compartments of
pathology. joint pathology, including cartilage loss, synovial inflammation,

Table 4. The number of upregulated and downregulated differentially expressed genes (DEGs) identified with DESeq2 for
comparisons between groups for the classical and intermediate monocytes for the 4 pre-defined groups (Log2 (fold-change) adjusted
p < 0.05)

Group Comparison Upregulated Downregulated Total DEGs

Classical monocytes HH-LP vs. LH-HP 0 4 4
HH-LP vs. HH-HP 1 15 16
HH-LP vs. LH-LP 0 0 0
HH-HP vs. LH-HP 22 2 24
HH-HP vs. LH-LP 10 1 11
LH-LP vs. LH-HP 7 10

Intermediate monocytes HH-LP vs. LH-HP 0 0
HH-LP vs. HH-HP 2 5
HH-LP vs. LH-LP 3 8
HH-HP vs. LH-HP 26 12 38
HH-HP vs. LH-LP 2 0 2
LH-LP vs. LH-HP 12 17 29

HH, high 17-HDHA; LH, low 17-HDHA; HP, high pain; LP, low pain.
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Table 5. Identification of differentially expressed genes
HHLPvVLHHP HHLPVHHHP HHLPvVLHLP HHHPVLHHP HHHPVLHLP LHLPVLHHP
Classical HBB (—2.19) | C210rf33 (2.37) 1 PI3* (5.27) 1 TREML1* (4.30) GO0S2 (2.97)
monocytes
HBA1 (—2.80) | HIST1H2AC* (-1.66) 1t TREML1* (5.11) 1 CAVIN2* (3.68) OSM (2.12)
HBM* (-2.90) | CLU*(-2.50) | CTTN (5.11) 1 ITGB3* (3.57) ENO2 (1.47)
HBD (-3.21) | TUBB1*(-2.84) | SPX (4.99) 1t CXCL5* (3.54) PEA15 (—1.52) |
HIST1H3H* (-2.94) | TREML4* (4.90) 1 TUBB1* (3.26) RN7SL2 (—2.30) |
PDZK1IP1 (—3.08) | ITGB3* (4.55) t GNG11* (3.20) RN7SL3 (-2.38) |
ITGA2B* (-3.17) | CA4 (4.54) t ENKUR (3.01) RN7SL5P (—2.47) |
CAVIN2* (-3.22) | CXCL5* (4.50) 1 MYL9* (2.95) AL139099.4 (—2.47) |

Intermediate
monocytes

CXCL5* (-3.43) |
PPBP* (-3.60) |
GP9* (-3.64) |

GNG11* (-3.92) |
TREML1* (-4.14) |
MYLO* (-4.24) |
PI3* (-4.37) |
TREML4* (-5.89) |

IGLV3-25* (5.43) 1

IGHV1-24 (4.84) 1
IGHV2-5 (4.43) 1
PF4* (-3.74) |
PPBP* (-3.81) |

6 iScience 28, 111862, February 21, 2025

IGHV3-15* (4.52) 1

IGLV3-25* (4.32) 1
IGHV1-3 (4.07) 1
IGHV3-33 (3.70) 1
IGLV3-9 (2.53) 1
CLEC12A (-1.17) |
CLEC1B (—1.80) |

AL512646.1
(~3.40) |

GP9* (4.34) 1
BTNLS (4.25) 1
LINC00989 (4.06) 1

ITGA2B* (2.90)

AC243829.2
(~2.80) |

PPBP* (4.04) 1
CAVINZ* (3.77) 1
GNG11* (3.68) 1
ITGA2B* (3.65) 1
MFAP3L (3.27) 1
CLU* (3.20) 1
ADGRG3 (3.13) 1
SPARC (3.13) 1
MEIST (2.51) 1
SELP (2.25) 1
HISTIH2AC* 2.11) 1
TTYH3 (-1.31) |
KHSRP (~2.26) |

SPX* (6.62) 1 SPX* (5.88) 1

LTBP1* (5.00) 1
CXCL5 (4.91) 1
GP9 (4.79) 1

ITGB3 (4.63) 1
BEND2 (4.28) 1
SH3BGRL2 (4.13) 1
PPBP* (4.10) 1

LTBP1* (4.27) 1

PF4* (3.90246093) 1
TMEMA40 (3.88) 1

KY (3.83) 1

CAVIN2 (3.77) 1
SPARC (3.48) 1
TUBB1 (3.44) 1
AC012645.1* (3.06) 1
ADGRG3* (2.95) 1
KRT23 (2.86) 1
MMP25* (2.63) 1
MGAM* (2.63) 1
KCNJ15 (2.61) 1
LUCAT1 (2.09) 1

HBM* (-3.92) |

HISTIH3H* (2.45) IGLV6-57 (~5.01) |

AOG2 (3.07) 1

G0S2 (3.02) 1
CXCLS8 (2.81) 1

MME (2.60) 1
AC099489.1 (2.36) 1
AC012645.1* (2.19) 1
ADGRG3* (2.04) 1
MMP25* (2.01) 1

AC136475.9 (1.95) 1
MGAM* (1.82) 1
TNFAIP6 (1.70) 1
AVIL (1.09) 1
CD22* (-1.95) |
IGHD* (-3.01) |
IGHV3-15 (-3.22) |
IGHV4-34* (-3.52) |
IGKV2-30 (—3.55) |
IGLC3 (—-3.58) |
IGLV2-11 (—3.67) |
IGLV1-47 (—3.68) |
IGLV1-51* (-3.71) |

(Continued on next page)
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Table 5. Continued

HHLPVLHHP ~ HHLPVHHHP HHLPVLHLP HHHPVLHHP HHHPVLHLP LHLPVLHHP
VNN3 (2.07) 1 IGKV3-11 (~3.93) |
LRG1 (1.85) 1 IGKV1D-39* (-3.97) |

DGAT2 (1.51) 1
MXD1 (1.39) 1
CSF3R (1.03) 1
PPP1R17 (=1.07) |

IGHV1-69D (~4.13) |
IGKV1-39 (—4.18) |
IGHV3-7 (—4.70) |
IGKV3D-20 (—5.53) |

STAP1 (-1.53) | IGHV2-26 (—5.63) |
CD22* (-1.75) | IGKV2D-29 (—5.78) |
IGHD* (-1.79) |

IGLV1-51* (-2.73) |
IGKV1-39* (-3.34) |
APOBEC3B (~3.50) |
IGHV1-18 (—3.66) |
IGKV1-8 (—4.05) |
IGHV4-34* (-4.21) |
IGHV4-4 (—4.50) |

DEGs (differentially expressed genes) identified with DESeqg2 for each of the 6 comparisons of interest for the classical and intermediate monocyte
populations (adjusted p value < 0.05). Log2(fold-change) are listed in brackets with cut-offs of more than 1.00 or less than —1.00. Arrows indicate in-
crease (1) or decrease (|) in log2(fold-change). DEGs with an asterisk (*) appear in multiple comparisons.

infiltration of mononuclear blood cells into the synovium, sub-
chondral bone remodeling, and sprouting of sensory nerves.?’
Clinically OA pain is associated with joint inflammation which is
characterized by increased numbers of synovial macrophages
with a pro-inflammatory phenotype which are both infiltrating
and tissue resident.®°*® An a priori analysis for the classical
monocytes identified that plasma levels of 17-HDHA were asso-
ciated with hit counts for PLA2G6, which encodes phospholi-
pase A2 a key enzyme regulating the release of membrane
bound PUFAs into circulation in response to inflammatory sig-
nals.?® A limitation of the study is the lack of protein samples
from these cell preparations which prevented the assessment
of protein levels of PLA2G6 in the high vs. low 17-HDHA groups.
Plasma levels of 17-HDHA were also associated with EPHX2 (en-
codes soluble epoxide hydrolase) expression in intermediate
monocytes. Soluble epoxide hydrolase (sEH) converts CYP450
derived anti-inflammatory epoxides (e.g., EETs) into their corre-
sponding diols (e.g., DHETS). Inhibition of sEH has anti-inflam-
matory and anti-nociceptive effects®® and regulates monocyte/
macrophage plasticity.®’ Pharmacological inhibition of sEH
stimulates the production of some SPMs, including 17-HDHA,
in an experimental inflammatory model,® supporting a link be-
tween activity of the sEH pathway and levels of 17-HDHA. Impor-
tantly, there are now multiple lines of evidence for associations
between the sEH pathway and OA pain,®® radiographic knee
OA,** and persisting knee pain following traumatic injury in a
young cohort.*®

Pathway analysis of differentially expressed genesin OA
monocytes

QIAGEN IPA analysis identified elF2 signaling as the top ranked
pathway in the classical monocyte population, this pathway had
a lower activation level in the low 17-HDHA-high pain group

compared to the high 17-HDHA-low pain group. Phosphoryla-
tion of elF2a is downstream of four kinases which protect against
cellular stresses including endoplasmic reticulum (ER) stress,
oxidation stress, inflammation, and plays a pivotal role in trans-
lation inhibition to maintain cellular homeostasis in many cell
types, including macrophages and osteoclasts, which are rele-
vant to OA pathology and pain.*® Dysregulation of elF2 signaling
has been implicated in multiple complex disease pathologies.*®
Macrophage stress responses include mRNA translation via
phosphorylation of translation initiation factors including elF2,
elF4, and 4E-BPs.®” Subchondral bone remodeling and
increased osteoclastogenesis is recognized as an important
component of OA pathology and the associated pain.®®*"
Bone is heavily innervated, and bone resorption generates a
localized acidic environment which can activate sensory
nerves.*? Blocking osteoclast activity can prevent and reverse
OA-like pain behavior in rodent models of OA.**** Elevated
phosphorylation of elF2a, as predicted for the high 17-HDHA-
low pain group, reduces osteoclast differentiation from bone
marrow-derived macrophages,*® which would be expected to
slow bone remodeling and in the context of OA pain would indi-
rectly reduce pain signaling. Elevated phosphorylation of elF2a
also drives osteoblastogenesis,*® which positively influences
bone remodeling. Functional roles of elF2a signaling in OA are
supported by the demonstration that inhibition of dephosphory-
lation of elF2a reduces cartilage pathology“® and synovitis score
in a model of OA, however pain responses were not assessed.
Overall the predicted lower activation of elF2a signaling path-
ways in the low 17-HDHA-high pain group aligns with the known
functional role(s) of this pathway in regulating macrophage re-
sponses and osteoclast differentiation and subsequently pain.
EIF2 signaling has also been shown to play a role in thermal
and inflammatory nociception in sensory nerves.*” In this study
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Table 6. Pathway analysis of differentially expressed genes

Table 7. List of genes involved in identified signaling pathways

Ingenuity Canonical -log Regulation of elF4
Pathways (p-value) Ratio EIF2 Signaling and p70S6K Signaling mTOR Signaling
Classical EIF2 Signaling 191 0.147 CDK11A FAU FAU
monocytes FAU ITGB5 PIK3C2B
Regulation of elF4 and 9.54 0.112 PIK3C2B PIK3C2B PIK3R2
p70S6K Signaling PIK3R2 PIK3R2 RPS10
mTOR Signaling 8.25 0.0943 RPL2A RPS10 RPS11
Coronavirus Pathogenesis 6.36 0.0837 RPL22 RPS11 RPS12
Pathway
Communication between 3.57 0.0366 M RPS12 RPST3
Innate and Adaptive RPL27 RPS13 RPS14
Immune Cells RPL27A RPS14 RPS15A
Basal Cell Carcinoma 3.34 0.0972 RPL30 RPS15A RPS16
Signaling RPL32 RPS16 RPS17
Hematopoiesis from 3.01 0.0431 RPL34 RPS17 RPS18
Pluripotent Stem Cells RPL35A RPS18 RPS19
Nitric Oxide Signaling in 2.67 0.0672 RPL36AL RPS19 RPS20
the Cardiovascular System
) RPL39 RPS20 RPS23
Systemic Lupus 2.65 0.037
Erythematosus Signaling RPLP1 RPS23 RPS25
Intermediate Communication between 6.34 0.0312 RPS10 RPS25 RPS26
Monocytes Innate and Adaptive RPS11 RPS26 RPS27L
Immune Cells RPS12 RPS27L RPS8
Hematopoiesis from 5.68 0.0408 RPS13 RPSS8 VEGFB
Pluripotent Stem Cells RPS14
Systemic Lupus 5.25 0.0338 RPS15A
Erythematosus Signalin
mt . g. g RPS16
Phospholipase C Signaling 5.23 0.0326 RPS17
Autoimmune Thyroid 4.92 0.0375
Disease Signaling RPS18
- . . RPS19
Allograft Rejection Signaling  4.56 0.0352
Dendritic Cell Maturation 4.01 0.0306 RRS20
Regulation of IL-2 3.72 0.0325 RPS23
Expression in Activated RPS25
and Anergic T Lymphocytes RPS26
CTLA4 Signaling in 3.55 0.0314 RPS27L
Cytotoxic T Lymphocytes RPS8
Ingenuity Pathway Analysis (IPA) of DEGs when comparing the high UBA52

17-HDHA and low pain group with the low 17-HDHA and high pain group
for the classical and intermediate monocytes. For this exploratory anal-
ysis DEGS which fulfill the following were inputted into IPA (Log2 fold-
change>1 and unadjusted p < 0.05).

of acute nociception, decreased elF2a phosphorylation in trans-
genic mice reduced behavioral responses to thermal and inflam-
matory pain stimuli, which was mediated via the pro-nociceptive
TRPV1 channel.”” In experimental models, blockade of TRPV1
attenuates OA-like pain behavior,*®*° consolidating the link be-
tween TRPV1 and OA pain. Although it is established that TRPV1
expression is upregulated in the synovium from people with
painful OA*® and polymorphisms in TRPV1 are associated with
OA pain,”° there is an opposing directionality in the role of EIF2
signaling in acute nociception versus in our clinical OA cohort.
These differences likely reflect the dynamic interplay between
the direct and indirect roles of elF2 signaling both in maintaining
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Gene involved in the regulation of elF2, elF4 and p70S6K, and mTOR
signaling which were identified by ingenuity pathway analysis of differen-
tially expressed genes in classical monocytes between the Low
17-HDHA-High Pain group versus the High 17-HDHA-Low Pain group.

homeostasis in multiple tissue types and modulating differing
pain mechanisms, which are collectively involved in complex
diseases such as chronic OA pain. Our findings build upon
mounting evidence that EIF2 signaling may offer opportunities
for novel therapeutic strategies.

The next two highly ranked pathways identified in the primary
comparison for the classical monocytes were elF4 and p70 ribo-
somal S6 kinase (p70S6K) signaling, as well as mTOR signaling,
both of which have established roles in mMRNA translation specif-
ically associated with pain processing, macrophage responses
and osteoclast differentiation.”*”*'">* mTOR is a serine/threo-
nine kinase activated by multiple signaling cascades in response
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to tissue damage. mTOR phosphorylates p70s6K and
eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) to regu-
late protein synthesis®® and is downstream of key neurotrophin
signaling pathways, including TrKA and TrKB, which have estab-
lished roles in regulating peripheral sensory nerve excitability in
OA and pain hypersensitivity. Nociceptor-specific deletion of
4E-BP1, an mTORC1 downstream effector that represses
translation initiation, was sufficient to cause mechanical hyper-
sensitivity.°® mTOR, elF4, p70S6K, and elF2 have all been char-
acterized as key mediators of translation and protein synthesis in
stress responses.®” mTOR inhibition attenuated pain responses
in models of inflammatory®” chronic pain,®®**° and increased
levels of phosphorylated mTOR and p70S6K have been demon-
strated in DRG and spinal cord neurones,®® and the insular cor-
tex"® in models of chronic pain.

The elF2, elF4, P70S6K, and mTOR signaling pathways are
intricately linked, with mTOR serving as a central regulator of
protein synthesis and cellular responses to stress, which are
particularly relevant in the context of inflammatory conditions,
such as OA and pain.®! elF2 initiates translation and its phos-
phorylation is a key regulatory mechanism that can inhibit protein
synthesis under stress conditions, including OA.°> The elF4
complex, which includes elF4E, elF4G, and elF4A, is essential
for the recruitment of mRNA to the ribosome,®® and mTORC1
promotes the phosphorylation of 4E-BP1, which releases

elFAE and enhances translation initiation.®* During conditions
of increased inflammatory cytokine production and other stress
responses, such as in OA, the regulation of elF2 and elF4 by
mTOR may influence the synthesis of pro-inflammatory media-
tors and pain-related proteins. P70S6K, another downstream
target of mTOR, regulates ribosomal biogenesis and protein syn-
thesis. Activation of the mTOR pathway leads to the phosphory-
lation of P70S6K, which further stimulates the translation of
mRNAs which mediate cell growth and proliferation.>> In OA,
the dysregulation of these pathways may lead to enhanced
expression of inflammatory cytokines and other mediators
driving pain, contributing to the pathophysiology of the disease.

Limitations of the study

In order to consider the generalizability of these findings, it is
important to consider the study design limitations. A total of
n = 30 highly clinically phenotyped participants were included
in this study and were stratified into four groups based on pain
scores and plasma levels of 17-HDHA. This resulted in relatively
modest and uneven group sizes, which may have skewed anal-
ysis of expressed transcripts, nevertheless the different groups
were well matched for size, sex, age, BMI, and KL grade which
should reduce the impact of heterogeneity of these characteris-
tics within the study participants. Our transcriptomic analysis of
the two populations of monocytes from these participant groups
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has yet to be replicated and therefore further studies in larger OA
cohorts, and in other chronic pain conditions will provide greater
insight into the reproducibility and generalizability of these tran-
scriptomic findings. The cut-offs used to stratify participants by
17-HDHA and NRS pain score were based on the median values
of participants within this study rather than pre-defined values.
As a result for different cohorts of OA participants, these cut-
offs may change; however, a similar analysis with larger sample
size identified the same median NRS cut-off for a community
cohort of people with knee pain and OA,®° and reported compa-
rable levels of 17-HDHA.®® Although in this study the group sizes
were well matched for sex, it is a limitation that our study is not
adequately powered to consider sex as confounding variable.
A previous study has reported sex differences in monocyte tran-
scriptional profiles, specifically highlighting changes to biolog-
ical pathways identified from gene expression patterns®’ and
sex specific changes to the transcriptional profile of monocytes
driven by EPA and DHA has been reported.®®

Conclusions

In conclusion in a priori analysis expression levels of two genes
(PLA2G6 and EPHX2) were associated with plasma levels of
17-HDHA, whereas none of the a priori genes were associated
with self-reported OA pain scores. An exploratory QIAGEN IPA
analysis of the differentially expressed genes identified EIF2
signaling as the top ranked pathway for the classical monocytes,
with this pathway predicted to be lower in the low 17-HDHA high
pain group. This finding aligns to the known role of EIF2 signaling
in osteoclast differentiation, which contributes to both OA pa-
thology and pain. The next two ranked pathways for the classical
monocytes were EIF4 and P70S6K signaling pathways and
mTOR signaling, both of which contribute mechanistically to
chronic pain.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to the lead
contact, Prof. Victoria Chapman (victoria.chapman@nottingham.ac.uk).

Materials availability
This study did not generate new materials.

Data and code availability

Data will be released via standard procedures overseen by the University of
Nottingham and the Nottingham NIHR BRC and its ethical guidelines. Raw
sequencing files are available on the European Nucleotide Archive: E-MTAB-
14402. Annotated mRNA expression counts, monocyte cell counts, plasma
lipidomic measurements, and associated anonymized participant clinical
characteristics (age, sex, BMI, KL, and NRS scores) are available upon
request. Please contact the corresponding author to receive the application
form.

ACKNOWLEDGMENTS

The authors would like to thank Sonal Henson for her assistance in handling
the transcriptomic datasets. This research was funded by Versus Arthritis
(grants: 20777 and 21960) and the NIHR Nottingham Biomedical Research
Centre.

10  iScience 28, 111862, February 21, 2025

iScience

AUTHOR CONTRIBUTIONS

T.K., AK., and S.G. collected clinical data and biological samples. P.R.W.G.,
P.M., and D.O. isolated monocytes from whole blood. J.T., R.R.J., and D.A.B.
performed lipidomic analysis. P.R.W.G., A.A.-T., J.T., R.R.J., S.F., AM.V,, and
V.C. performed data analysis. V.C. and A.M.V. acquired funding, designed the
study, and supervised sample collection and analyses of data. All authors
contributed to preparation of the manuscript and approved the final version.

DECLARATION OF INTERESTS
The authors declare no competing interests.
STARX*METHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE

o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

o METHOD DETAILS
o Quantification 17-HDHA in plasma
o lIsolation of monocytes by fluorescence-activated cell sorting
o Bulk RNA sequencing and bioinformatic analysis

o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].isci.
2025.111862.

Received: August 27, 2024

Revised: November 4, 2024
Accepted: January 17, 2025
Published: January 21, 2025

REFERENCES

1. Fayaz, A., Croft, P., Langford, R.M., Donaldson, L.J., and Jones, G.T.
(2016). Prevalence of chronic pain in the UK: a systematic review and
meta-analysis of population studies. BMJ Open 6, e010364. https://doi.
org/10.1136/bmjopen-2015-010364.

2. Loeser, R.F., Collins, J.A., and Diekman, B.O. (2016). Ageing and the path-
ogenesis of osteoarthritis. Nat. Rev. Rheumatol. 72, 412-420. https://doi.
org/10.1038/nrrheum.2016.65.

3. Neogi, T. (2013). The epidemiology and impact of pain in osteoarthritis.
Osteoarthritis Cartilage 27, 1145-1153. https://doi.org/10.1016/j.joca.
2013.03.018.

4. Neogi, T., Guermazi, A., Roemer, F., Nevitt, M.C., Scholz, J., Arendt-Niel-
sen, L., Woolf, C., Niu, J., Bradley, L.A., Quinn, E., and Law, L.F. (2016).
Association of Joint Inflammation With Pain Sensitization in Knee Osteoar-
thritis: The Multicenter Osteoarthritis Study. Arthritis Rheumatol. 68,
654-661. https://doi.org/10.1002/art.39488.

5. Bindu, S., Mazumder, S., and Bandyopadhyay, U. (2020). Non-steroidal
anti-inflammatory drugs (NSAIDs) and organ damage: A current perspec-
tive. Biochem. Pharmacol. 780, 114147. https://doi.org/10.1016/j.bcp.
2020.114147.

6. Raghu, H., Lepus, C.M., Wang, Q., Wong, H.H., Lingampalli, N., Oliviero,
F., Punzi, L., Giori, N.J., Goodman, S.B., Chu, C.R., et al. (2017). CCL2/
CCR2, but not CCL5/CCR5, mediates monocyte recruitment, inflamma-
tion and cartilage destruction in osteoarthritis. Ann. Rheum. Dis. 76,
914-922. https://doi.org/10.1136/annrheumdis-2016-210426.

7. Guilliams, M., and Svedberg, F.R. (2021). Does tissue imprinting restrict
macrophage plasticity? Nat. Immunol. 22, 118-127. https://doi.org/10.
1038/s41590-020-00849-2.


mailto:victoria.chapman@nottingham.ac.uk
https://doi.org/10.1016/j.isci.2025.111862
https://doi.org/10.1016/j.isci.2025.111862
https://doi.org/10.1136/bmjopen-2015-010364
https://doi.org/10.1136/bmjopen-2015-010364
https://doi.org/10.1038/nrrheum.2016.65
https://doi.org/10.1038/nrrheum.2016.65
https://doi.org/10.1016/j.joca.2013.03.018
https://doi.org/10.1016/j.joca.2013.03.018
https://doi.org/10.1002/art.39488
https://doi.org/10.1016/j.bcp.2020.114147
https://doi.org/10.1016/j.bcp.2020.114147
https://doi.org/10.1136/annrheumdis-2016-210426
https://doi.org/10.1038/s41590-020-00849-2
https://doi.org/10.1038/s41590-020-00849-2

iScience

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

. Chen, Y., Jiang, W., Yong, H., He, M., Yang, Y., Deng, Z., and Li, Y. (2020).

Macrophages in osteoarthritis: pathophysiology and therapeutics. Am. J.
Transl. Res. 12, 261-268.

. Zhang, H., Cai, D., and Bai, X. (2020). Macrophages regulate the progres-

sion of osteoarthritis. Osteoarthritis Cartilage 28, 555-561. https://doi.org/
10.1016/j.joca.2020.01.007.

Gomez-Aristizabal, A., Gandhi, R., Mahomed, N.N., Marshall, KW., and
Viswanathan, S. (2019). Synovial fluid monocyte/macrophage subsets
and their correlation to patient-reported outcomes in osteoarthritic pa-
tients: a cohort study. Arthritis Res. Ther. 27, 26. https://doi.org/10.
1186/s13075-018-1798-2.

Khoutorsky, A., and Price, T.J. (2018). Translational Control Mechanisms
in Persistent Pain. Trends Neurosci. 47, 100-114. https://doi.org/10.
1016/j.tins.2017.11.006.

Dyall, S.C., Balas, L., Bazan, N.G., Brenna, J.T., Chiang, N., da Costa
Souza, F., Dalli, J., Durand, T., Galano, J.-M., Lein, P.J., et al. (2022). Poly-
unsaturated fatty acids and fatty acid-derived lipid mediators: Recent ad-
vances in the understanding of their biosynthesis, structures, and func-
tions. Prog. Lipid Res. 86, 101165. https://doi.org/10.1016/j.plipres.
2022.101165.

Serhan, C.N., and Levy, B.D. (2018). Resolvins in inflammation: Emer-
gence of the pro-resolving superfamily of mediators. J. Clin. Invest. 128,
2657-2669. https://doi.org/10.1172/JCI197943.

Gilroy, D.W., and Bishop-Bailey, D. (2019). Lipid mediators in immune
regulation and resolution. Br. J. Pharmacol. 176, 1009-1023. https://doi.
org/10.1111/bph.14587.

Valdes, A.M., Ravipati, S., Menni, C., Abhishek, A., Metrustry, S., Harris, J.,
Nessa, A., Williams, F.M.K., Spector, T.D., Doherty, M., et al. (2017). Asso-
ciation of the resolvin precursor 17-HDHA, but not D- or E- series resol-
vins, with heat pain sensitivity and osteoarthritis pain in humans. Sci.
Rep. 7, 1-8.

Gowler, P.R.W., Turnbull, J., Shahtaheri, M., Walsh, D.A., Barrett, D.A.,
and Chapman, V. (2022). Interplay between cellular changes in the knee
joint, circulating lipids and pain behaviours in a slowly progressing murine
model of osteoarthritis. Eur. J. Pain 26, 2213-2226. https://doi.org/10.
1002/ejp.2036.

Schebb, N.H., Kiihn, H., Kahnt, A.S., Rund, K.M., O’Donnell, V.B., Fla-
mand, N., Peters-Golden, M., Jakobsson, P.J., Weylandt, K.H., Rohwer,
N., et al. (2022). Formation, Signaling and Occurrence of Specialized
Pro-Resolving Lipid Mediators-What is the Evidence so far? Front. Phar-
macol. 13, 838782. https://doi.org/10.3389/fphar.2022.838782.

Huang, J., Burston, J.J., Li, L., Ashraf, S., Mapp, P.l., Bennett, A.J., Rav-
ipati, S., Pousinis, P., Barrett, D.A., Scammell, B.E., and Chapman, V.
(2017). Targeting the D-series resolvin receptor system for the treatment
of osteoarthritic pain. Arthritis Rheumatol. 69, 996-1008.

Xu, Z.Z., Zhang, L., Liu, T., Park, J.Y., Berta, T., Yang, R., Serhan, C.N.,
and Ji, R.R. (2010). Resolvins RvE1 and RvD1 attenuate inflammatory
pain via central and peripheral actions. Nat. Med. 16, 592-597. https://
doi.org/10.1038/nm.2123.

Xu, Z.Z., Berta, T., and Ji, R.R. (2013). Resolvin E1 inhibits neuropathic
pain and spinal cord microglial activation following peripheral nerve injury.
J. Neuroimmune Pharmacol. 8, 37-41. https://doi.org/10.1007/s11481-
012-9394-8.

Meesawatsom, P., Burston, J., Hathway, G., Bennett, A., and Chapman,
V. (2016). Inhibitory effects of aspirin-triggered resolvin D1 on spinal noci-
ceptive processing in rat pain models. J. Neuroinflammation 713, 233.
https://doi.org/10.1186/s12974-016-0676-6.

Chiu, C.Y., Gomolka, B., Dierkes, C., Huang, N.R., Schroeder, M.,
Purschke, M., Manstein, D., Dangi, B., and Weylandt, K.H. (2012).
Omega-6 docosapentaenoic acid-derived resolvins and 17-hydroxydoco-
sahexaenoic acid modulate macrophage function and alleviate experi-
mental colitis. Inflamm. Res. 67, 967-976. https://doi.org/10.1007/
s00011-012-0489-8.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

¢? CellPress

OPEN ACCESS

Kéhnke, T., Gomolka, B., Bilal, S., Zhou, X., Sun, Y., Rothe, M., Baumgart,
D.C., and Weylandt, K.H. (2013). Acetylsalicylic Acid reduces the severity
of dextran sodium sulfate-induced colitis and increases the formation of
anti-inflammatory lipid mediators. BioMed Res. Int. 2073, 748160.
https://doi.org/10.1155/2013/748160.

von Hegedus, J.H., Kahnt, A.S., Ebert, R., Heijink, M., Toes, R.E.M., Giera,
M., and loan-Facsinay, A. (2020). Toll-like receptor signaling induces a
temporal switch towards a resolving lipid profile in monocyte-derived
macrophages. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1865,
158740. https://doi.org/10.1016/j.bbalip.2020.158740.

Gohir, S.A., Greenhaff, P., Abhishek, A., and Valdes, A.M. (2019). Evalu-
ating the efficacy of Internet-Based Exercise programme Aimed at Treat-
ing knee Osteoarthritis iIBEAT-OA) in the community: a study protocol for a
randomised controlled trial. BMJ Open 9, e030564. https://doi.org/10.
1136/bmjopen-2019-030564.

Cutolo, M., Campitiello, R., Gotelli, E., and Soldano, S. (2022). The Role of
M1/M2 Macrophage Polarization in Rheumatoid Arthritis Synovitis. Front.
Immunol. 713, 867260.

Coaccioli, S., Sarzi-Puttini, P., Zis, P., Rinonapoli, G., and Varrassi, G.
(2022). Osteoarthritis: New Insight on Its Pathophysiology. J. Clin. Med.
11, 6013. https://doi.org/10.3390/jcm11206013.

Mimpen, J.Y., Hedley, R., Ridley, A., Baldwin, M.J., Windell, D., Bhalla, A.,
Ramos-Mucci, L., Buckley, C.D., Coles, M.C., Alvand, A., et al. (2023).
Cellular characterisation of advanced osteoarthritis knee synovium.
Arthritis Res. Ther. 25, 154. https://doi.org/10.1186/s13075-023-03110-x.

Sun, G.Y., Chuang, D.Y., Zong, Y., Jiang, J., Lee, J.C.M., Gu, Z., and Si-
monyi, A. (2014). Role of cytosolic phospholipase A2 in oxidative and in-
flammatory signaling pathways in different cell types in the central nervous
system. Mol. Neurobiol. 50, 6-14. https://doi.org/10.1007/s12035-014-
8662-4.

Wang, Y., Wagner, K.M., Morisseau, C., and Hammock, B.D. (2021). Inhi-
bition of the Soluble Epoxide Hydrolase as an Analgesic Strategy: A Re-
view of Preclinical Evidence. J. Pain Res. 14, 61-72. https://doi.org/10.
2147/jpr.5241893.

Yeh, C.-F., Chuang, T.-Y., Hung, Y.-W., Lan, M.-Y., Tsai, C.-H., Huang, H.-
X., and Lin, Y.-Y. (2019). Inhibition of soluble epoxide hydrolase regulates
monocyte/macrophage polarization and improves neurological outcome
in a rat model of ischemic stroke. Neuroreport 30, 567-572.

Abdalla, H.B., Alvarez, C., Wu, Y.C., Rojas, P., Hammock, B.D., Maddipati,
K.R., Trindade-da-Silva, C.A., Soares, M.Q.S., Clemente-Napimoga, J.T.,
Kantarci, A., et al. (2028). Soluble epoxide hydrolase inhibition enhances
production of specialized pro-resolving lipid mediator and promotes
macrophage plasticity. Br. J. Pharmacol. 7180, 1597-1615. https://doi.
org/10.1111/bph.16009.

Gowler, P.R.W., Turnbull, J., Shahtaheri, M., Gohir, S., Kelly, T., McRey-
nolds, C., Yang, J., Jha, R.R., Fernandes, G.S., Zhang, W., et al. (2022).
Clinical and Preclinical Evidence for Roles of Soluble Epoxide Hydrolase
in Osteoarthritis Knee Pain. Arthritis Rheumatol. 74, 623-633. https://
doi.org/10.1002/art.42000.

Valdes, A.M., Ravipati, S., Pousinis, P., Menni, C., Mangino, M., Abhishek,
A., Chapman, V., Barrett, D.A., and Doherty, M. (2018). Omega-6 oxylipins
generated by soluble epoxide hydrolase are associated with knee osteo-
arthritis. J. Lipid Res. 59, 1763-1770.

Turnbull, J., Jha, R.R., Barrett, D.A., Valdes, A.M., Alderson, J., Williams,
A., Vincent, T.L., Watt, F.E., and Chapman, V. (2024). The Effect of Acute
Knee Injuries and Related Knee Surgery on Serum Levels of Pro- and Anti-
inflammatory Lipid Mediators and Their Associations With Knee
Symptoms. Am. J. Sports Med. 52, 987-997. https://doi.org/10.1177/
03635465241228209.

Bond, S., Lopez-Lloreda, C., Gannon, P.J., Akay-Espinoza, C., and Jor-
dan-Sciutto, K.L. (2020). The Integrated Stress Response and Phosphor-
ylated Eukaryotic Initiation Factor 2« in  Neurodegeneration.
J. Neuropathol. Exp. Neurol. 79, 123-143. https://doi.org/10.1093/jnen/
nlz129.

iScience 28, 111862, February 21,2025 11



http://refhub.elsevier.com/S2589-0042(25)00122-1/sref8
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref8
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref8
https://doi.org/10.1016/j.joca.2020.01.007
https://doi.org/10.1016/j.joca.2020.01.007
https://doi.org/10.1186/s13075-018-1798-2
https://doi.org/10.1186/s13075-018-1798-2
https://doi.org/10.1016/j.tins.2017.11.006
https://doi.org/10.1016/j.tins.2017.11.006
https://doi.org/10.1016/j.plipres.2022.101165
https://doi.org/10.1016/j.plipres.2022.101165
https://doi.org/10.1172/JCI97943
https://doi.org/10.1111/bph.14587
https://doi.org/10.1111/bph.14587
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref15
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref15
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref15
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref15
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref15
https://doi.org/10.1002/ejp.2036
https://doi.org/10.1002/ejp.2036
https://doi.org/10.3389/fphar.2022.838782
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref18
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref18
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref18
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref18
https://doi.org/10.1038/nm.2123
https://doi.org/10.1038/nm.2123
https://doi.org/10.1007/s11481-012-9394-8
https://doi.org/10.1007/s11481-012-9394-8
https://doi.org/10.1186/s12974-016-0676-6
https://doi.org/10.1007/s00011-012-0489-8
https://doi.org/10.1007/s00011-012-0489-8
https://doi.org/10.1155/2013/748160
https://doi.org/10.1016/j.bbalip.2020.158740
https://doi.org/10.1136/bmjopen-2019-030564
https://doi.org/10.1136/bmjopen-2019-030564
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref26
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref26
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref26
https://doi.org/10.3390/jcm11206013
https://doi.org/10.1186/s13075-023-03110-x
https://doi.org/10.1007/s12035-014-8662-4
https://doi.org/10.1007/s12035-014-8662-4
https://doi.org/10.2147/jpr.S241893
https://doi.org/10.2147/jpr.S241893
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref31
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref31
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref31
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref31
https://doi.org/10.1111/bph.16009
https://doi.org/10.1111/bph.16009
https://doi.org/10.1002/art.42000
https://doi.org/10.1002/art.42000
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref34
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref34
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref34
http://refhub.elsevier.com/S2589-0042(25)00122-1/sref34
https://doi.org/10.1177/03635465241228209
https://doi.org/10.1177/03635465241228209
https://doi.org/10.1093/jnen/nlz129
https://doi.org/10.1093/jnen/nlz129

¢? CellPress

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

12

OPEN ACCESS

Tabatabaei, N., Hou, S., Kim, K.-W., and Tahmasebi, S. (2020). Signaling
pathways that control mMRNA translation initiation in macrophages. Cell.
Signal. 73, 109700. https://doi.org/10.1016/j.cellsig.2020.109700.

Zhu, X., Chan, Y.T., Yung, P.S.H., Tuan, R.S., and Jiang, Y. (2020). Sub-
chondral Bone Remodeling: A Therapeutic Target for Osteoarthritis. Front.
Cell Dev. Biol. 8, 607764. https://doi.org/10.3389/fcell.2020.607764.

Yajun, W., Jin, C., Zhengrong, G., Chao, F., Yan, H., Weizong, W., Xiao-
qun, L., Qirong, Z., Huiwen, C., Hao, Z., et al. (2021). Betaine Attenuates
Osteoarthritis by Inhibiting Osteoclastogenesis and Angiogenesis in Sub-
chondral Bone. Front. Pharmacol. 72, 723988. https://doi.org/10.3389/
fphar.2021.723988.

Zhang, K., and Fu, W. (2024). HIF-1a: linking subchondral bone and carti-
lage as a therapeutic target in osteoarthritis. Biomater. Transl. 5, 89-91.
https://doi.org/10.12336/biomatertransl.2024.01.010.

Qin, W., Gao, J., Yan, J., Han, X., Lu, W., Ma, Z., Niu, L., and Jiao, K. (2024).
Microarray analysis of signalling interactions between inflammation and
angiogenesis in subchondral bone in temporomandibular joint osteoar-
thritis. Biomater. Transl. 5, 175-184. https://doi.org/10.12336/bio-
matertransl.2024.02.007.

Mantyh, P.W. (2019). Mechanisms that drive bone pain across the life-
span. Br. J. Clin. Pharmacol. 85, 1103-1113. https://doi.org/10.1111/
bcp.13801.

Zhu, S., Zhu, J., Zhen, G., Hu, Y., An, S., Li, Y., Zheng, Q., Chen, Z., Yang,
Y., Wan, M., et al. (2019). Subchondral bone osteoclasts induce sensory
innervation and osteoarthritis pain. J. Clin. Invest. 729, 1076-1093.
https://doi.org/10.1172/jci121561.

Sagar, D.R., Ashraf, S., Xu, L., Burston, J.J., Menhinick, M.R., Poulter,
C.L., Bennett, A.J., Walsh, D.A., and Chapman, V. (2014). Osteoprotegerin
reduces the development of pain behaviour and joint pathology in a model
of osteoarthritis. Ann. Rheum. Dis. 73, 1558-1565. https://doi.org/10.
1136/annrheumdis-2013-203260.

He, L., Lee, J., Jang, J.H., Sakchaisri, K., Hwang, J., Cha-Molstad, H.J.,
Kim, K.A., Ryoo, |.J., Lee, H.G., Kim, S.O., et al. (2013). Osteoporosis regu-
lation by salubrinal through elF2o. mediated differentiation of osteoclast
and osteoblast. Cell. Signal. 25, 552-560. https://doi.org/10.1016/j.cell-
sig.2012.11.015.

Hamamura, K., Nishimura, A., lino, T., Takigawa, S., Sudo, A., and Yokota,
H. (2015). Chondroprotective effects of Salubrinal in a mouse model of
osteoarthritis. Bone Joint Res. 4, 84-92. https://doi.org/10.1302/2046-
3758.45.2000378.

Khoutorsky, A., Sorge, R.E., Prager-Khoutorsky, M., Pawlowski, S.A.,
Longo, G., Jafarnejad, S.M., Tahmasebi, S., Martin, L.J., Pitcher, M.H.,
Gkogkas, C.G., et al. (2016). elF2a. phosphorylation controls thermal noci-
ception. Proc. Natl. Acad. Sci. USA 113, 11949-11954. https://doi.org/10.
1073/pnas.1614047113.

Kelly, S., Chapman, R.J., Woodhams, S., Sagar, D.R., Turner, J., Burston,
J.J., Bullock, C., Paton, K., Huang, J., Wong, A, et al. (2015). Increased
function of pronociceptive TRPV1 at the level of the joint in a rat model
of osteoarthritis pain. Ann. Rheum. Dis. 74, 252-259. https://doi.org/10.
1136/annrheumdis-2013-203413.

Chu, K.L., Chandran, P., Joshi, S.K., Jarvis, M.F., Kym, P.R., and McGar-
aughty, S. (2011). TRPV1-related modulation of spinal neuronal activity
and behavior in a rat model of osteoarthritic pain. Brain Res. 7369,
158-166. https://doi.org/10.1016/j.brainres.2010.10.101.

Valdes, A.M., and Spector, T.D. (2011). Genetic epidemiology of hip and
knee osteoarthritis. Nat. Rev. Rheumatol. 7, 23-32. https://doi.org/10.
1038/nrrheum.2010.191.

Yuan, Z., Jiang, D., Yang, M., Tao, J., Hu, X., Yang, X., and Zeng, Y. (2024).
Emerging Roles of Macrophage Polarization in Osteoarthritis: Mecha-
nisms and Therapeutic Strategies. Orthop. Surg. 16, 532-550. https://
doi.org/10.1111/0s.13993.

Uttam, S., Wong, C., Price, T.J., and Khoutorsky, A. (2018). elF4E-Depen-
dent Translational Control: A Central Mechanism for Regulation of Pain

iScience 28, 111862, February 21, 2025

53.

54.

55.

56.

57.

58.

59.

60.

61

62.

63.

64.

65.

66.

iScience

Plasticity. Front. Genet. 9, 470. https://doi.org/10.3389/fgene.2018.
00470.

Kwon, M., Han, J., Kim, U.J., Cha, M., Um, S.W., Bai, S.J., Hong, S.-K.,
and Lee, B.H. (2017). Inhibition of Mammalian Target of Rapamycin
(mTOR) Signaling in the Insular Cortex Alleviates Neuropathic Pain after
Peripheral Nerve Injury. Front. Mol. Neurosci. 10, 79. https://doi.org/10.
3389/fnmol.2017.00079.

Wei, X., Luo, L., and Chen, J. (2019). Roles of mTOR Signaling in Tissue
Regeneration. Cells 8, 1075. https://doi.org/10.3390/cells8091075.

Dennis, M.D., Jefferson, L.S., and Kimball, S.R. (2012). Role of p70S6K1-
mediated phosphorylation of elF4B and PDCDA4 proteins in the regulation
of protein synthesis. J. Biol. Chem. 287, 42890-42899. https://doi.org/10.
1074/jbc.M112.404822.

Wong, C., Tavares-Ferreira, D., Thérn Perez, C., Sharif, B., Uttam, S.,
Amiri, M., Lister, K.C., Hooshmandi, M., Nguyen, V., Séguéla, P., et al.
(2023). 4E-BP1-dependent translation in nociceptors controls mechanical
hypersensitivity via TRIM32/type | interferon signaling. Sci. Adv. 9,
eadh9603. https://doi.org/10.1126/sciadv.adh9603.

Xu, Q., Fitzsimmons, B., Steinauer, J., O’Neill, A., Newton, A.C., Hua, X.Y.,
and Yaksh, T.L. (2011). Spinal phosphinositide 3-kinase-Akt-mammalian
target of rapamycin signaling cascades in inflammation-induced hyperal-
gesia. J. Neurosci. 31, 2113-2124. https://doi.org/10.1523/jneurosci.
2139-10.2011.

Inyang, K.E., Szabo-Pardi, T., Wentworth, E., McDougal, T.A., Dussor, G.,
Burton, M.D., and Price, T.J. (2019). The antidiabetic drug metformin pre-
vents and reverses neuropathic pain and spinal cord microglial activation
in male but not female mice. Pharmacol. Res. 7139, 1-16. https://doi.org/
10.1016/j.phrs.2018.10.027.

Song, H., Han, Y., Pan, C., Deng, X., Dai, W., Hu, L., Jiang, C., Yang, Y.,
Cheng, Z., Li, F., et al. (2015). Activation of Adenosine Monophosphate-
activated Protein Kinase Suppresses Neuroinflammation and Ameliorates
Bone Cancer Pain: Involvement of Inhibition on Mitogen-activated Protein
Kinase. Anesthesiology 723, 1170-1185. https://doi.org/10.1097/aln.
0000000000000856.

Xu, J.T., Zhao, X., Yaster, M., and Tao, Y.X. (2010). Expression and distri-
bution of MTOR, p70S6K, 4E-BP1, and their phosphorylated counterparts
in rat dorsal root ganglion and spinal cord dorsal horn. Brain Res. 1336,
46-57. https://doi.org/10.1016/j.brainres.2010.04.010.

. Xie, S., Chen, M., Yan, B., He, X., Chen, X., and Li, D. (2014). Identification

of arole for the PI3BK/AKT/mTOR signaling pathway in innate immune cells.
PLoS One 9, €94496. https://doi.org/10.1371/journal.pone.0094496.

Rasheed, Z., and Haqgqi, T.M. (2012). Endoplasmic reticulum stress in-
duces the expression of COX-2 through activation of elF2a, p38-MAPK
and NF-kB in advanced glycation end products stimulated human chon-
drocytes. Biochim. Biophys. Acta 7823, 2179-2189. https://doi.org/10.
1016/j.bbamcr.2012.08.021.

Izidoro, M.S., Sokabe, M., Villa, N., Merrick, W.C., and Fraser, C.S. (2022).
Human eukaryotic initiation factor 4E (elF4E) and the nucleotide-bound
state of elF4A regulate elF4F binding to RNA. J. Biol. Chem. 298,
102368. https://doi.org/10.1016/j.jbc.2022.102368.

Béhm, R., Imseng, S., Jakob, R.P., Hall, M.N., Maier, T., and Hiller, S.
(2021). The dynamic mechanism of 4E-BP1 recognition and phosphoryla-
tion by mTORC1. Mol. Cell 87, 2403-2416. https://doi.org/10.1016/j.mol-
cel.2021.03.031.

Turnbull, J., Jha, R.R., Gowler, P.R.W., Ferrands-Bentley, R., Kim, D.H.,
Barrett, D.A., Sarmanova, A., Fernandes, G.S., Doherty, M., Zhang, W.,
et al. (2024). Serum levels of hydroxylated metabolites of arachidonic
acid cross-sectionally and longitudinally predict knee pain progression:
an observational cohort study. Osteoarthritis Cartilage 32, 990-1000.
https://doi.org/10.1016/j.joca.2024.04.006.

Turnbull, J., Jha, R.R., Ortori, C.A., Lunt, E., Tighe, P.J., Irving, W.L., Gohir,
S.A,, Kim, D.H., Valdes, A.M., Tarr, AW., et al. (2022). Serum Levels of
Proinflammatory Lipid Mediators and Specialized Proresolving Molecules
Are Increased in Patients With Severe Acute Respiratory Syndrome


https://doi.org/10.1016/j.cellsig.2020.109700
https://doi.org/10.3389/fcell.2020.607764
https://doi.org/10.3389/fphar.2021.723988
https://doi.org/10.3389/fphar.2021.723988
https://doi.org/10.12336/biomatertransl.2024.01.010
https://doi.org/10.12336/biomatertransl.2024.02.007
https://doi.org/10.12336/biomatertransl.2024.02.007
https://doi.org/10.1111/bcp.13801
https://doi.org/10.1111/bcp.13801
https://doi.org/10.1172/jci121561
https://doi.org/10.1136/annrheumdis-2013-203260
https://doi.org/10.1136/annrheumdis-2013-203260
https://doi.org/10.1016/j.cellsig.2012.11.015
https://doi.org/10.1016/j.cellsig.2012.11.015
https://doi.org/10.1302/2046-3758.45.2000378
https://doi.org/10.1302/2046-3758.45.2000378
https://doi.org/10.1073/pnas.1614047113
https://doi.org/10.1073/pnas.1614047113
https://doi.org/10.1136/annrheumdis-2013-203413
https://doi.org/10.1136/annrheumdis-2013-203413
https://doi.org/10.1016/j.brainres.2010.10.101
https://doi.org/10.1038/nrrheum.2010.191
https://doi.org/10.1038/nrrheum.2010.191
https://doi.org/10.1111/os.13993
https://doi.org/10.1111/os.13993
https://doi.org/10.3389/fgene.2018.00470
https://doi.org/10.3389/fgene.2018.00470
https://doi.org/10.3389/fnmol.2017.00079
https://doi.org/10.3389/fnmol.2017.00079
https://doi.org/10.3390/cells8091075
https://doi.org/10.1074/jbc.M112.404822
https://doi.org/10.1074/jbc.M112.404822
https://doi.org/10.1126/sciadv.adh9603
https://doi.org/10.1523/jneurosci.2139-10.2011
https://doi.org/10.1523/jneurosci.2139-10.2011
https://doi.org/10.1016/j.phrs.2018.10.027
https://doi.org/10.1016/j.phrs.2018.10.027
https://doi.org/10.1097/aln.0000000000000856
https://doi.org/10.1097/aln.0000000000000856
https://doi.org/10.1016/j.brainres.2010.04.010
https://doi.org/10.1371/journal.pone.0094496
https://doi.org/10.1016/j.bbamcr.2012.08.021
https://doi.org/10.1016/j.bbamcr.2012.08.021
https://doi.org/10.1016/j.jbc.2022.102368
https://doi.org/10.1016/j.molcel.2021.03.031
https://doi.org/10.1016/j.molcel.2021.03.031
https://doi.org/10.1016/j.joca.2024.04.006

iScience

67.

68.

Coronavirus 2 and Correlate With Markers of the Adaptive Immune
Response. J. Infect. Dis. 225, 2142-2154. https://doi.org/10.1093/infdis/
jiab632.

So, J., Tai, A.K,, Lichtenstein, A.H., Wu, D., and Lamon-Fava, S. (2021).
Sexual dimorphism of monocyte transcriptome in individuals with chronic
low-grade inflammation. Biol. Sex Differ. 12, 43. https://doi.org/10.1186/
s13293-021-00387-y.

So, J., Wu, D., Tai, A.K., Lichtenstein, A.H., Matthan, N.R., and Lamon-
Fava, S. (2024). Monocyte transcriptomic profile following EPA and DHA
supplementation in men and women with low-grade chronic inflammation.

69.

70.

¢? CellPress

OPEN ACCESS

Atherosclerosis 388, 117407. https://doi.org/10.1016/j.atherosclerosis.
2023.117407.

Wong, A., Sagar, D.R., Ortori, C.A., Kendall, D.A., Chapman, V., and Bar-
rett, D.A. (2014). Simultaneous tissue profiling of eicosanoid and endocan-
nabinoid lipid families in a rat model of osteoarthritis. J. Lipid Res. 55,
1902-1913. https://doi.org/10.1194/jlr.M048694.

Kramer, A., Green, J., Pollard, J., Jr., and Tugendreich, S. (2014). Causal
analysis approaches in Ingenuity Pathway Analysis. Bioinformatics 30,
523-530. https://doi.org/10.1093/bioinformatics/btt703.

iScience 28, 111862, February 21,2025 13



https://doi.org/10.1093/infdis/jiab632
https://doi.org/10.1093/infdis/jiab632
https://doi.org/10.1186/s13293-021-00387-y
https://doi.org/10.1186/s13293-021-00387-y
https://doi.org/10.1016/j.atherosclerosis.2023.117407
https://doi.org/10.1016/j.atherosclerosis.2023.117407
https://doi.org/10.1194/jlr.M048694
https://doi.org/10.1093/bioinformatics/btt703

¢? CellPress iScience
OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC anti-human CD14 Biolegend Cat#301807; RRID: AB_314189
Brilliant Violet 421 anti-human CD16 Biolegend Cat#302037; RRID: AB_10898112
PE anti-human CD66 Biolegend Cat#342303; RRID: AB_1626288
PE/Cy7 anti-human HLA Biolegend Cat#327017; RRID: AB_2566388
Propidium lodide Biolegend Cat#421301; NA

Biological samples

Human Blood i-BEAT OA Trial https://pubmed.ncbi.nlm.nih.gov/

31662373/ (NCT03545048).

Chemicals, peptides, and recombinant proteins
17-HDHA Reference Standard Cayman Chemicals Cat#33650
Lymphoprep StemCell Technologies Cat#07851

Critical commercial assays

SMART-Seq v4 Ultra Low Input RNA Kit Genewiz https://www.novogene.com/eu-en/
services/research-services/transcriptome-
sequencing/mrna-sequencing/

Deposited data

RNASeq sequencing and expression files European Nucleotide Archive E-MTAB-14402

Software and algorithms

Kaluza Analysis software Beckman Coulter https://www.mybeckman.uk/flow-
cytometry/software/kaluza

PRISM (V9.0) GraphPad https://www.graphpad.com/features

Ingenuity Pathway Analysis QIAGEN https://digitalinsights.qiagen.com/

products-overview/discovery-insights-
portfolio/analysis-and-visualization/
giagen-ipa/

R (V 4.2.0) R Project https://www.r-project.org/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Blood samples for this study were provided by 30 participants (Table 1) from the iBEAT-OA (Trial Registration number:
NCT03545048, https://clinicaltrials.gov/study/NCT03545048) study,” investigating the effects of six-week exercise intervention
on levels of pain. For the majority of participants samples and pain measurements were collected at baseline (n=27) and the rest
(n=3) were collected following the intervention. Ethical approval was obtained from the Research Ethics Committee (ref:18/EM/
0154) and the Health Research Authority (protocol no: 18021). Participants were enrolled in this trial if they had a numerical rating
scale (NRS) score for knee pain of 3 or higher out of 10, and a Kellgren-Lawrence radiographic grade of 1 or higher. Whole blood
(12 mL) was collected from these participants for further analysis by mass spectrometry, flow cytometry, and RNA sequencing.

METHOD DETAILS

Quantification 17-HDHA in plasma

Targeted Liquid Chromatography with Tandem Mass-Spectrometry (LC-MS/MS) analysis was used to quantify concentrations of
bioactive lipids, including the D series resolvin precursor 17-HDHA in plasma samples. The method was adapted from that previously
reported® for the analysis of a wider range of oxylipins including 17-HDHA. Briefly, lipids were extracted from plasma samples via
protein precipitation followed by solid-phase extraction. LC-MS/MS used negative ionisation mode and quantification was per-
formed using the analyte to internal standard peak area ratio against a fully extracted calibration line. Endogenous (n=6) and spiked
QC standards (n=6) were extracted and analysed across the sample run and met QC acceptance criteria of <15%CV.
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Isolation of monocytes by fluorescence-activated cell sorting

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood with SepMate isolation tubes and Lymphoprep density
gradient. PBMCs were then incubated with the following panel of antibodies; APC anti-human CD14 (Biolegend: 301807), Brilliant
Violet 421 anti-human CD16 (Biolegend: 302037), PE anti-human CD66 (Biolegend: 342303), and PE/Cy7 anti-human HLA (Bio-
legend: 327017). Dead cells were excluded by staining with propidium iodide (Biolegend:421301). Flow cytometry and cell sorting
was performed using a Beckman Coulter Astrios EQ cell sorter. Data were analysed with Kaluza Analysis software.

Bulk RNA sequencing and bioinformatic analysis

Total RNA was extracted from cell suspensions of classical monocytes (CD14++/CD16-/CD66b-/HLA-DR+) and intermediate mono-
cytes (CD14++/CD16+/CD66b-/HLA-DR+) using TRIzol reagent. Next generation RNA sequencing was performed by Genewiz.
Briefly, the SMART-Seq v4 Ultra Low Input RNA Kit (Clontech) was used to perform cDNA synthesis and amplification. lllumina-
compatible sequencing libraries were constructed and then sequenced on the lllumina HiSeq 2500 with a 2 x 150 paired-end
configuration.

Raw counts were processed by Genewiz prior to differential gene expression analysis and gene ontology analysis. The quality of
raw counts was assessed using FASTQC and reads were subsequently trimmed to remove adapter sequence and low quality nucle-
otide calls using Trimmomatic v.0.36. STAR aligner v.2.5.2b was used to map the trimmed reads to the ENSEMBL Homo sapiens
GRCh38 genome. Unique gene hit counts were obtained through the featureCounts tool of the Subread package v.1.5.2 with only
unique reads falling within exon regions counted.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analysed using Graphpad PRISM (V9.0), Kaluza Analysis Software (V.2.1), R (V 4.2.0) (Bioconductor) and QIAGEN Inge-
nuity Pathway Analysis (IPA). Participant characteristics were analysed by either unpaired t-test or Mann Whitney U test. Differences
in the proportion of monocyte populations were analysed by one-way ANOVA with Dunn’s multiple corrections. Gene ontology anal-
ysis was performed using GeneSCF v1.1-p2 and the goa_human GO list to cluster gene sets according to biological processes. A
priori analysis was performed on genes identified as involved in the synthesis, metabolism, and signalling of 17-HDHA. Correlations
between rlog transformed hit counts for a priori selected genes and pain or plasma concentrations of 17-HDHA were analysed by
Spearman Rho, with correction for multiple comparison using false discovery rate.

Participants were stratified into groups based the median plasma levels of 17-HDHA (cut-off 0.5 nM) and self-reported pain scores
(cut-off NRS of 6), consistent with previous studies.®® This resulted in four groups that were used for subsequent analyses: Low
17-HDHA-Low Pain (LH-LP) n=9; High 17-HDHA-Low Pain (HH-LP) n=8; Low 17-HDHA-High Pain (LH-HP) n=8; and High
17-HDHA-High Pain (HH-HP) n=5.

Differential gene expression analysis with DESeq2 compared subgroup data from the classical and intermediate monocyte pop-
ulations separately. As this is a relatively small exploratory clinical study, this influenced the power of our study. As a result we used p
values and log2 fold change cut off for the selection of differentially expressed genes to be inputted into the IPA analysis. This
approach ensured we had the optimal number of differentially expressed genes for the main comparison of interest (HH-LP versus
LH-HP) which form the focus of our study. The Wald test was used to generate p-values and log2 fold-changes. Differentially ex-
pressed genes (DEGs) were categorized as genes with adjusted p-value < 0.05 and absolute log2 fold change > 1.

QIAGEN Ingenuity Pathway Analysis’® was used to identify patterns of functional pathways in the transcriptional profile of the clas-
sical and intermediate monocytes for the four subgroups of participants (as defined above). All genes with measurable counts in at
least one participant group, according to the normalisation carried out by Genewiz, were uploaded to IPA with data for log2 fold
change, p-value and adjusted p-value. Cut-offs for inclusion in pathway analysis with IPA were imposed on log2 fold change +/-1
and p-value<0.05. P-value was considered rather than adjusted p-value to facilitate an exploratory analysis of the comparison of in-
terest (HH-LP versus LH-HP). 805 genes fulfilled the criteria for pathway analysis for classical monocyte population and 388 genes for
intermediate monocyte population.
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