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Abstract

The Biospecimen Collection and Processing Working Group of the National Institutes of Health (NIH) HEAL Initiative BACPAC Research Program
was charged with identifying molecular biomarkers of interest to chronic low back pain (cLBP). Having identified biomarkers of interest, the
Working Group worked with the New York University Grossman School of Medicine, Center for Biospecimen Research and Development—
funded by the Early Phase Pain Investigation Clinical Network Data Coordinating Center—to harmonize consortium-wide and site-specific efforts
for biospecimen collection and analysis. Biospecimen collected are saliva, blood (whole, plasma, serum), urine, stool, and spine tissue (paraspinal
muscle, ligamentum flavum, vertebral bone, facet cartilage, disc endplate, annulus fibrosus, or nucleus pulposus). The omics data acquisition
and analyses derived from the biospecimen include genomics and epigenetics from DNA, proteomics from protein, transcriptomics from RNA,
and microbiomics from 16S rRNA. These analyses contribute to the overarching goal of BACPAC to phenotype cLBP and will guide future efforts

for precision medicine treatment.
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Introduction
BACPAC

In 2019, the National Institutes of Health (NIH) HEAL
Initiative formed BACPAC with the primary objective to
inform a precision medicine approach to treating chronic
low back pain (cLBP). The study is designed to meet the
primary objective of investigating an individual’s experience
of cLBP through domains of biology, behavior, and biome-
chanics. To harmonize collection across BACPAC, the
Biospecimen Collection and Processing Working Group
(WG) has developed standard operating procedures (SOPs)
for protocols to be used in all consortium studies. These
SOPs detail specimen collection, processing, storage, and
analysis across studies and sites both internal and external
to BACPAC. Also funded by the HEAL Initiative is the
Early Phase Pain Investigation Clinical Network’s Data
Coordinating Center (EPPIC-Net DCC) at the New York
University (NYU) Center for Biospecimen Research and
Development (CBRD), which interfaces with the BACPAC
sites to store and distribute the biospecimen and optimize
use of biospecimen procedures.

Chronic Low Back Pain

The causes of cLBP are varied and can be both mechanical
and nonmechanical, and can be worsened by risk factors
including inactivity, smoking, age, and others [1-3].
Biomarkers have been studied extensively in known contribu-
tors to cLBP [4-6] such as intervertebral disc (IVD) degenera-
tion (IDD) [7], modic changes [8-10], and fibromyalgia [11].
The significant association of disparate biomarkers with the
causes of cLBP and the response to treatment supports the
need for integrative and harmonized “omics” approach that
has been developed and implemented by BACPAC.

Several reviews have been published on the significant rela-
tionship between serum biomarkers and LBP—most notably,
C-reactive protein (CRP), interleukin 6 (IL-6), and tumor
necrosis factor (TNF)-alpha [12-20]. In a review by Zhao et al.
[21], the authors mapped changes in disc cell types to their
implications for IDD. The types of change identified were
matrix synthesis, catabolic metabolism, growth factors, and
pro-inflammatory cytokines and their receptors. Zhao et al.
concluded that mapping cell phenotypes involved in IDD and
aging illuminated both causes and potential treatment targets.
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However, it has become increasingly clear that biomarkers
associated with individual spinal structures and the experi-
ence or symptomology of pain, and therefore the treatment of
pain, is not homogeneous. In fact, although overlap exists, it
is likely that biomarkers of local tissue damage, such as
inflammatory and catabolic markers, may be more prominent
in some populations, while biomarkers related to the experi-
ence of pain, such as neurotransmitters, are more prominent
in others [22, 23]. A broad phenotyping strategy that includes
biospecimen analysis, as undertaken by BACPAC, better rep-
resents the breadth of symptomology and guides a precision
medicine treatment approach informed by relevant biological
biomarkers. This paper describes the harmonized biospeci-
men collection, processing, and analyses in BACPAC.

Biospecimen Collection and Processing

The EPPIC-Net DCC wrote a BACPAC Laboratory Manual to
harmonize specimen collection, labeling, processing, catalog-
ing, storage, and shipment to the CBRD; research personnel at
all sites received standardized training in collection and proc-
essing procedures. The types of biospecimen collected at each
of the three sites and their timing are depicted in Table 1.
Samples collected consist of whole blood, saliva, urine, stool,
and spinal tissue obtained at surgery. A summary is described
here while the BACPAC Laboratory Manual, which contains
full details of all procedures, is included in Supplemental Data
Appendix 1. The time window allowed for spinal tissue collec-
tion, processing, and storage at —80°C is 30-60 minutes—a
similar time requirement (within an hour) applies for serum,
plasma, and saliva collection and storage. Stool collection
occurs at home so the time window for collection, processing,
and storage is longer. The manufacturer recommended proto-
col was followed for specimen tubes and is detailed below.

Inter-site Harmonized Collection and Processing
Protocols

Blood Samples (Laboratory Manual p. 11-12)

Blood samples are collected at the baseline visit for all sites
and at every visit at University of California, San Francisco

Table 1. Timeline of sample collection by MRCs: University of Pittsburgh
(PITT); University of California, San Francisco (UCSF); University of
Michigan (UMICH)

12 24 36
Baseline Months Months Months Surgery*
Whole blood— PITT UCSF  UCSF  UCSF
plasma UCSF
UMICH
Whole blood— PITT UCSF  UCSF  UCSF
serum UCSF
UMICH
Whole blood— PITT
RNA PAXGene UCSF
UMICH
Whole blood— UCSF
DNA PAXGene
Saliva PITT
UCSF
UMICH
Urine PITT
Stool PITT
UCSF
Spine tissue PITT

May occur over entirety of enrollment period.
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(UCSF). Collection is done in the morning and is not
restricted to fasting. A total of four vials are collected using
standard venipuncture technique by trained phlebotomists:
whole blood for plasma is collected in one 10 mL K2 EDTA
blood draw tube, and aliquoted into cryovials; whole blood
for serum is collected in one 10 mL serum separating tube
(SST); whole blood for RNA and DNA PaxGene analysis is
collected in two 2.5 mL PAXgene Blood RNA tubes.

For plasma, samples must be centrifuged, aliquoted, and
frozen within 60 minutes of collection. After centrifugation,
plasma is aliquoted into labeled plasma cryovials and immedi-
ately stored upright at —80°C until shipping. For serum, the
SST tube must be processed after a minimum of 30 minutes to
allow a clot to form, and frozen at —80°C. The tube is then
centrifuged and aliquoted into labeled cryovials and within
the hour frozen at —80°C. For whole blood for RNA and
DNA PaxGene analysis, the tubes are stored upright at room
temperature for a minimum of 2 hours, frozen at —20°C for
24 hours, and then transferred and stored at —80°C.

Saliva samples (laboratory Manual p. 13)

Saliva samples are collected during the baseline visit and are
used for DNA extraction. Participants are instructed not to
eat, drink, smoke, or chew gum for 30 minutes before giving
the sample. Saliva is collected using the OrageneDISCOVER
(OGR-500) saliva kit. Participants fill two vials with liquid
saliva to the 2 mL line, and the tubes are immediately shaken
for 5 seconds. The saliva is aliquoted into labeled cryovials
and stored in a —80°C freezer until shipment or analysis.

Urine (Laboratory Manual p. 14)

Urine is collected in a sterile urine collection cup; approxi-
mately 3.5-4.0 mL are transferred into two 4.5 mL labeled
cryovials using a transfer pipette, and frozen at —80°C.

Stool (Laboratory Manual p. 15)

During the baseline visit at UCSF and PITT, each participant
is offered an optional home stool collection kit, instructions,
and shipping envelope. The stool is collected by the partici-
pant at home, using a DNA/RNA Shield Fecal collection tube
(~1g of sample is needed) and shipped to CBRD on cool gel
packs. At PITT, participants who return a stool sample also
complete the Food Frequency Questionnaire. Once stool sam-
ples are received, they are stored at —80°C.

Biospecimen Labeling, Storage, and Inventory

At the end of the study, remaining biospecimen are batch
shipped frozen on dry ice to the CBRD for long-term storage,
except for the stool specimen sent directly from participants.
These shipments follow IATA PI 650/UN3373 Regulations
for Biological Substance Category B Shipments. At the
CBRD, biospecimen are catalogued in LabVantage, a secure
network linking biospecimen to corresponding clinical and
pathological data. LabVantage allows for sample manage-
ment without using identifying personal health information
(PHI). Each aliquot and tube is labeled with a de-identified
barcode that uniquely identifies each biospecimen collected
for each participant at each visit across all sites; PHI is main-
tained at the study sites. The CBRD provides collection sheets
to document the samples collected at each visit, aliquots proc-
essed and stored at the sites, and the aliquots shipped to
CBRD, along with storage details. The CBRD and
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LabVantage meet all General Lab Protocol and FDA
guidelines.

Site-Specific Collection and Processing Protocols
University of Michigan (UMICH)

Ex Vivo Immune Stimulant. The TruCulture® system (Rules
Based Medicine, Austin, TX) consists of small vacutainers pre-
loaded with immune stimulants (e.g., LPS) or control media.
Whole blood is drawn via venipuncture into two different
1 mL tubes containing lipopolysaccharide (LPS; 100 ng/mL) or
media (NULL). Samples are immediately incubated at 37°C for
24 hours, after which the supernatant is isolated with a valve
separator included in the kit. The supernatant is aliquoted into
0.5 mL containers and stored at —80°C for batch analysis.

Sex Hormones. Five mL of whole blood are drawn into
standard “red top” silicone-coated vacutainers. Whole blood
is allowed to clot for 15-30 minutes. Samples are then centri-
fuged for 10-20 minutes at 1,000-2,000 rcf for isolation of
serum. These are subsequently aliquoted into 2 mL cryovials
and stored at —80°C for batch analysis of hormones.

University of California, San Francisco (UCSF)

Peripheral blood cells are collected at baseline from patients
enrolled at UCSF. Following venipuncture, blood collected
into EDTA plasma tubes are inverted 8-10 times and soared
upright at 4°C for 1-2hours. Tubes are centrifuged
(15 minutes, 1300 rcf, 4°C) and plasma removed without dis-
turbing buffy coat. Entire cell fraction is transferred to a
15mL conical tube prefilled with 12mL Ammonium-
Chloride-Potassium (ACK) lysing buffer and incubated for
10 minutes on ice or at 4°C until solution becomes translu-
cent. Tubes are gently inverted several times during incuba-
tion. Cells are collected by centrifugation (5 minutes, 400 rcf,
4°C) and washed with 12 mL PBS without magnesium and
calcium. After centrifugation, cells are dissolved in 2mL
Recovery Freezing media (GIBCO, Cat No. 12648-010) and
cryopreserved in 2 x 1 mL cryo tubes. Cells are frozen at
—80°C at —1°C/min using Mr. Frosty™. The next day, cells
are transferred to vapor phase of liquid nitrogen.

University of Pittsburgh (PITT)

At the baseline visit participants are directed to provide a
urine sample in a supplied collection cup (30-60 mL). After
collection, 3.5-4.0 mL is aliquoted into two 4.5 mL cryovials.
The cryovials are stored in a —80°C freezer until shipment.
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Tissue samples are collected from a subset of the partici-
pants—those who are enrolled and undergo spinal procedure
during the study timeframe (Laboratory Manual p.17-18).
Tissue samples will not be collected from a single surgical
level because it will be dependent on the surgery. The spinal
level will be recorded. The following tissues will be collected:
paraspinal muscle, ligamentum flavum, vertebral bone, facet
cartilage, disc endplate, annulus fibrosus, or nucleus pulpo-
sus. At the time of surgical procedure spinal tissue is placed
into a sterile cup with 10 mL of PBS to remove blood product
from the tissue. The tissue is removed from the cup and blot-
ted on sterile gauze to remove excess liquid. Tissue is immedi-
ately placed into a labeled 5 mL cryotube and immersed in a
bucket of wet ice. When the tissue arrives at the laboratory,
within 30-60 minutes, 100 mg (5 mm cubes) aliquots are cut
using a sterile blade. Each aliquot is placed into a 2 mL cryo-
vial and the tube is weighed to calculate tissue mass. The tube
is submerged in liquid nitrogen to flash freeze for —80°C
storage.

Planned Biomarker Data Acquisition and
Analyses

Biomarkers

As discussed above, there are limitations in previous studies,
which BACPAC hopes to address with the collection and
analysis described herein of a network of biological bio-
markers with corresponding behavioral and biomechanical
biomarkers. The collection of some samples was decided
based on the ability to conduct multiple analyses—that is,
DNA collection in both saliva and blood allows for genetic,
epigenetics, and microbiomics. Similarly, the decision was
made to collect both blood plasma and serum to maximize
the analysis potential from each participant. A summary sche-
matic of the biospecimen and planned analysis are presented
in Figure 1 and Table 2 and discussed in greater detail below.

Proteomics

The complexity of cLBP and the lack of universal biomarkers
have slowed hypothesis-driven reductionist approaches to
identifying the molecular mechanism driving cLBP and treat-
ment response in patients. To overcome the current barriers
of cLBP biomarker studies, we propose to perform broad
unbiased proteomic studies to vastly increase the depth of bio-
logical information to identify unique profiles of biomarkers

Saliva ’ Whole Blood Blood Serum / Plasma

Spine Tissue Stool

i |

!

‘ DNA ‘ Protein RNA 16S rRNA
Genomics : . : Transcriptomics : .
twhole genome sequencing) ‘ Epigenetics ’ ‘ Proteomics ’ (RNAgeq} Microbiomics

Figure 1. Summary schematic of biospecimen and omics analyses.
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Table 2. Summary of analysis

Biological Sample Amount Analysis
Blood—plasma 1 x 10 mL tube ELISA

MS-based proteomics
Blood—serum 1 x 10 mL tube ELISA

MS-based proteomics
Blood—RNA 2 x 2.5 mL tubes RNAseq
Saliva 2x2mL Whole genome sequencing
Urine 2x4.5mL ELISA
Spinal tissue 200-1000 mg RNASeq
Stool 520 +101mg Bacterial RNA

*  Spine tissue samples can include ligamentum flavum, facet joint

cartilage, cartilaginous endplate, and intervertebral disc nucleus pulposus
and annulus fibrosus.
MS = Mass spectrometry; ELISA = enzyme-linked immunosorbent assay.

describing different cLBP phenotypes. First, our proposed
serum and proteomics will comprehensively measure and ana-
lyze a large number of proteins increasing the likelihood of
unique insight.

Advances in proteomic methods now permit thousands of
proteins to be profiled from trace amounts of plasma. Mass
spectrometry- (MS) based proteomics has the unique advant-
age of being unbiased and quantitative. Previous reported
work suggest that large-scale proteomics analysis is a promis-
ing way of discovering novel biomarkers that could substan-
tially improve the prediction of Alzheimer’s disease [24, 25],
ischemic stroke [26, 27], and cancer [28]. Furthermore, the
importance of sufficiently large discovery cohorts has become
increasingly evident. MS is also a good technology for qualify-
ing putative biomarkers in large numbers of clinical samples.
Specifically, the combination of selective reaction monitoring
and stable isotope labeled standards permit the development
of highly multiplexed clinical assays that can quantify hun-
dreds of proteins without the use of antibody reagents.

Label-free differential MS (dMS) was previously established
as an unbiased, robust approach to identify differences in pro-
tein expression in in vitro experiments, preclinical species,
and humans. A key advantage of a dMS approach is that it
supports large multi-level study designs that compare protein
expression across multiple timepoints and/or treatment condi-
tions. High-resolution Fourier transform MS is used to profile
complex samples derived from serum of cLBP patients. The
exquisite mass resolution afforded by modern high-resolution
MS are capable of separating ions that differ by as little as
0.005 m/z units and resulting in excess of 100,000 molecular
features per profile. Sophisticated software is used to extract
m/z, r.t., and relative abundance values for each of the fea-
tures extracted from the LC-MS data. Features that exhibit
statistically significant differences in abundance are selected
by ANOVA analysis and identified by tandem MS (MS/MS).
Briefly, candidate features are subjected to collision-induced
dissociation or electron transfer dissociation to generate high-
resolution MS/MS that can be used for database searching or
de novo sequence identification. Candidate LBP biomarkers
that are identified in these discovery proteomics experiments
will be prioritized for follow-up in qualification studies.

A key step for any proteomics experiment is the develop-
ment and optimization of the biochemical sample preparation
methods that are custom tailored to a particular biofluid type.
Serum—which is challenging to analyze due to the presence
of albumin and other high abundance immunoglobulins pro-
tein—is processed using a commercialized immune-depletion
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kit that enables the detection of hundreds of proteins from a
small sample aliquot. To remove these abundant proteins,
immunoaffinity techniques are used that enable the removal
of the most abundant proteins, thus enhancing the detection
of lower-abundance proteins in both discovery and targeted
proteomic analyses. Experiments using pooled samples (tech-
nical replicates) are conducted to characterize the effect of
samples storage (freeze/thaw), sample processing, and LC-
MS/MS analysis.

Transcriptomics

The transcriptome refers to all RNA transcripts in a biological
sample (e.g., blood, cells), providing insights into the molecu-
lar components and processes of cells and tissues at normal
and pathologic states. Historically, transcriptomic analyses
have focused on mRNA that code for proteins, but now often
include additional non-codding RNA sub-types. A recent
study identified differential gene expression in blood between
controls and cLBP patients, as well as between acute LBP and
cLBP groups [29, 30]. Both comparisons showed enriched
expression of genes in the extended major histocompatibility
complex (MHC) locus, including genes in MHC class I and
class II of cLBP patients, and many of these genes have been
identified in previous studies of chronic pain and inflamma-
tory conditions characterized by chronic pain [29].
Additionally, upregulated gene expression has been observed
in cLBP characterized by neuropathic pain when compared to
controls, particularly the tissue inhibitor of matrix
metalloproteinase-1 (TIMP1) gene—as physiologic levels of
TIMP1 were also higher in neuropathic cLBP versus inflam-
matory cLBP, these findings suggest a role for transcriptomic
analysis in identifying cLBP subtypes [31]. Finally, a small fea-
sibility study suggested that an increase in antisense tran-
scripts of genes associated with pain states after a successful
yoga intervention, lending credibility to the use of transcrip-
tomics to identify treatment response in cLBP [32].

RNA is isolated from the PAXgene™ RNA Tubes. For
each sample, RNA libraries are prepared from 500 ng of high-
quality RNA (RIN = 7) using the KAPA mRNA HyperPrep
Kit (Kapa Biosystems). The ¢cDNA libraries are pooled at a
final concentration of 1.8 pM and then sequenced using
NovaSeq6000 platform (Illumina) to an average of 50M
reads. Differential expression is quantified using DESeq2—
comparing low versus high pain intensity and disability in
participants. Read counts are normalized across all samples
and significant differentially expressed genes are determined
by adjusted P values with a threshold of 0.05. Using RNA
sequencing we can determine how baseline transcriptomics
correlate with the severity of cLBP and changes in LBP symp-
toms with time, or with or without treatments, in this partici-
pant population. RNA quality will be determined by RNA
Integrity Number (RIN), which is required to be within 7-10
to be subjected to RNA-Seq. Hierarchical clustering and prin-
cipal component analysis (PCA) show unbiased population-
specific clustering and provide a systematic view of gene dif-
ferential expression of the RNAseq data.

Microbiomics

The gut microbiota is a signaling hub that integrates environ-
mental inputs with genetic signals to regulate host immunity,
inflammation, and response to infection [33]. This microbial
community starts developing at birth, contains 150-fold more
genes than our human genome [34], protects the host from



The BACPAC Biospecimen Protocol

invading pathogens, and prevents immune responses to harm-
less commensal microbes [35]. There is growing evidence that
gut bacteria dysbiosis associates with numerous disease sus-
ceptibilities, such as IBD, diabetes, multiple sclerosis, and car-
diovascular disease [36, 37]. Despite these emerging
associations, the impact of gut microbiota on musculoskeletal
health is largely unexplored [38].

The gut microbiome could modulate multiple biopsychoso-
cial factors that are known to be associated with cLBP.
Microbiome-host interactions modulate inflammatory cyto-
kine production capacity. Thaiss et al. categorized three types
of interactions that are crucial for preserving tissue homeosta-
sis and that contribute to microbiome-mediated disease phe-
notypes [33]. Of potential relevance to cLBP, microbial
products can serve as perpetual stimuli of chronic immune
responses that contribute to persistent inflammation.
Specifically, gut commensals calibrate innate and adaptive
immune responses and impact the activation threshold for
pathogenic stimulations by producing metabolites that modu-
late cytokine production and induce expansion of regulatory
T cells. For example, Schirmer et al. showed that inter-
individual variation in TNF-o and interferon (IFN-y produc-
tion is linked to specific byproducts of microbial metabolism
[39]. The presence of specific bacteria is also required for T
helper cell 17 (Th17) cell differentiation in the small intestine
and spinal cord [40, 41]. Since immune cell infiltration into
spinal tissues is a central driver of the intra-spinal pro-inflam-
matory cascade and is thought to mediate patient symptoms
[42], understanding the role of the microbiome in the systemic
inflammation that accompanies cLBP is paramount.

Several studies using preclinical models have demonstrated
the association between gut microbial composition and pain
including neuropathic, inflammatory, and visceral pain [43,
44]. For example, oxaliplatin-induced neuropathic pain was
reduced in germ-free mice and antibiotic-treated mice while
restoring the microbiota of germ-free mice abolished the
effects [45]. The gut microbiome could impact certain
patients’ abilities to cope with chronic pain and to adhere to
treatment interventions by producing metabolites that regu-
late moods such as motivation, anxiety and depression [46,
47]. For example, gut bacteria manufacture about 95% of the
body’s supply of the neurotransmitter serotonin from the
essential amino acid tryptophan, which influences both mood
and GI activity [48].

Microbiome data are commonly obtained in three forms: 1)
16S rRNA gene sequence surveys that provide a view of
microbiome bacterial membership; 2) metagenomic data used
to portray genetic functional potential; and 3) meta-
transcriptomic data to describe active gene expression.
BACPAC sites that collect patient stool samples (UCSF, PITT)
focus primarily on 16S rRNA gene surveys because they are
economical for large projects and because 16S rRNA gene
sequence data provide a relatively unbiased characterization
of bacterial and archaeal diversity [49]. For 16S rRNA
sequencing, DNA is extracted from stool samples using a
modified cetyltrimethylammonium bromide buffer extraction
protocol [50].

One proposed method of data analysis focuses primarily on
measuring bacterial diversity. A table of amplicon sequence
variants (ASVs) and assigned taxonomy are generated using
the NG-Tax 2.0 pipeline [51]. ASVs are discarded if deter-
mined to be chimeric, nonbacterial origin, common contami-
nants observed in >50% of extraction controls, or have read
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counts less than 0.001% of the total read count. Sample read
numbers are representatively rarefied to 20,000 reads as a
means of normalization [52]. a-Diversity, a within-sample
diversity measure and f-Diversity, a between-samples compo-
sitional dissimilarity measure, is calculated.

Genomics

In a recent meta-analysis, three genetic loci were identified
which have significant association with cLBP; in this study the
DCC gene was found to reside proximal to one of these loci
that encodes a netrin 1 receptor, a transmembrane protein
member of the immunoglobulin superfamily of cell adhesion
molecules, which mediates axon guidance of neuronal growth
cones that could potentiate pain [53]. There are a number of
genetic single nucleotide polymorphisms (SNPs) associated
with LBP and IDD, including those within the cytokine and
metalloproteinase gene families. However, due to cost and
feasibility issues, most studies to date on linking genetic
makeup to LBP are still limited on identifying genetic variants
(e.g., SNPs) without considering all different types of bio-
markers in the same human subjects. Compared to the typical
selective genetic variants shown in Table 3, our whole genome
sequencing provides depth to already existing genomic data.

Genome-wide sequencing of 1,000 cLBP participants is per-
formed using collected saliva and whole blood samples.
Genomic DNA is isolated from saliva or whole blood and
DNA libraries are prepared. 500ng of genomic DNA goes
through fragmentation, enzymatic end-repair and A-tailing,
ligation, followed by quality check. Libraries with an average
size of 450bp (range: 300-600bp) are quantified by qPCR,
normalized, and pooled per manufacturer protocol (Illumina).
Finally, sequencing is performed to an average target depth of
30-40x coverage (guaranteed >20x).

Genome-wide association analyses is performed using logis-
tic regression models with additive genetic effects, between
control (NIH database) and cLBP cohorts [53, 54]. Data har-
monization and quality control is conducted using the
EasyQC software package in the R statistical environment.
The meta-analysis of autosomal SNPs is performed with
METAL, (http://csg.sph.umich.edu/abecasis/metal/), using the
LDsr intercept as a correction factor [55], to combine results
from all cohorts. Q-Q and Manhattan plots are generated
with R to present the findings.

Table 3. Genetic SNPs associated with LBP and IDD

Gene Class Gene Refs
Cytokines IL-1a, IL-1b, IL-4, IL-6, IL-10  [81-85]
Growth factors TGFb, BDNF, VEGF, GDFS5 [86-88]
Matrix ACAN, COL1A1, COL9A1 [89-91]
Metalloproteinases MMP-1, MMP-3, MMP-9, [92-95]
ADAMTS-4
Serotonergic and HTR1A, COMT, ADRB2 [96-99]
adrenergic pathways
Ion channels KCNJ6, TRPV1 [100, 101]
Genetic loci (Nearest genes) [48, 53]
SOXS5, DIS3L2, DCC,
CCDC26/GSDMC
Miscellaneous CYP2D6, VDR, CASP9, [101-105]

FAAH, IFN-a, IFN-y
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Epigenetics

Epigenetics is defined as “molecular factors and processes
around DNA that regulate genome activity, independent of
DNA sequencing, and are mitotically stable.” [56] Twin stud-
ies indicate that 30-75% of LBP is heritable [57-59].
Environmental factors such as high psychological and physi-
cal stress associate with cLBP [60, 61]. Epigenetic mechanisms
can link environmental factors to heritable genetic expression
and hence play an important role in cLBP. DNA methylation
is a major epigenetic process that describes the methylation of
cystein in CpG dinucleotides. Typically, DNA methylation is
present in mammals only at CpG dinucleotides, which are
methylated by 70-85%. In contrast, CpG islands are mainly
unmethylated to remain active [62]. About 70% of promoters
in human contain CpG islands [63]. Genome-wide DNA
methylation analysis is one of the most common epigenetic
processes analyzed for genome characterization [56].

The invention of bisulfite sequencing in 2009 opened the
possibility for genome-wide methylation analysis. IVD and
ligamentum flavum show degeneration-dependent differential
DNA methylation of genes and promoters relevant for the
pathophysiology [64-66]. For example, methylation of the
SPARC promoter affects chronic pain in humans and animals
[66]. Epigenetic changes in blood cells as biomarker or as phe-
notypic trait of cLBP patients has only started to be investi-
gated in the past few years. In 2013, a whole blood
methylation study of 38 individuals from the UK Twin cohort
identified hypermethylated CpG islands in the promoter of
the PARK2 gene to be correlated with IDD [67]. Aroke et al.
compared DNA methylation of 50 cLBP patients and 50
healthy individuals and found that most differentially methy-
lated genes were located in CpG islands and promoter regions
for genes involved in immune signaling, endochondral ossifi-
cation, G-protein coupled transmissions, pain processing, and
neuronal differentiation [68, 69]. Methylation of genes related
to neuronal differentiation, growth, and plasticity may also
be involved in impaired conditional pain modulation in cLBP
patients [70]. Studies from 2021 suggest a role of lymphocytes
in cLBP. Eller et al. found that increased IL-2 expression cor-
related with lower global DNA methylation, suggesting that
epigenetic changes may be linked to activation of lymphocytes
in cLBP [71]. Grégoire et al. compared DNA methylation in
circulating T cells in cLBP patients and healthy controls and
identified CpG sites that are able to categorize the pain status
[72]. Together these studies indicate that epigenetic regulation
is important in the pathophysiology of cLBP.

When DNA is treated with sodium bisulfite, unmethylated
cysteines are converted to uracil while methylated cysteines
remain unchanged. After sequencing of the bisulfite treated
DNA, the reads can be mapped to the original genome to
identify cysteine-to-uracil changes at a single nucleotide level.
Whole-genome bisulfite sequencing (WGBS) and reduced rep-
resentation bisulfite sequencing (RRBS) can be used. RRBS
uses methylation insensitive restriction enzymes to cleave the
DNA at CpG dinucleotides to enriches for promoter regions
and hence allow greater read depth compared to WGBS.

UCSF uses RRBS to investigate DNA methylation in whole
blood of cLBP patients. Briefly, peripheral blood is collected
in PAXGene DNA tubes and purified using a robotic work-
station to minimize handling variations. DNA is cleaved with
the restriction enzyme Mspl, 5'CG overhangs repaired, A-tails
added, and methyl adapter ligated. DNA fragments of 20—
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120 bp and of 120-220 bp length are isolated and cysteines
converted to uracil using bisulfite. The bisulfite converted
DNA is barcoded, amplified, and sequenced with Novaseq S1
using 20 million paired-end reads per sample with at least
150 base pairs per reads. Sequencing quality is assessed, reads
aligned to the human reference genome, and methylated cys-
teins identified. Genomic features (i.e., adjacent genes, adja-
cent cis-regulated regions) of methylated regions are
annotated.

Immune Cell Analyses

Chronic pain conditions can affect the phenotypic profile of
circulating immune cells [73]. In cLBP patients, the number of
circulating natural killer (NK) cells are reduced as well as the
ratio of Th17 to regulatory T cells (Treg) [74, 75]. This indi-
cates an anti-inflammatory T cell shift in cLBP patients. The
changes in immune cell ratios can be related to pain mecha-
nisms and to local tissue reactions. For example, disc hernia-
tion, disc degeneration, and Modic changes cause local
activation and proliferation of different subsets of immune
cells [42, 76, 77]. In the case of herniation, exposure of the
immune privileged disc to the immune system recruits CD4*
cells [77]. Increased CD4/CD8™" ratio in LBP patients with
herniated discs can be detected in peripheral blood [78]. In
the bone marrow that is affected by Modic changes, neutro-
philic and lymphocytic infiltrates were described [76, 79].
Yet, alterations in circulating cell populations in Modic
change patients have not been reported. Integrated analysis of
pain measures with radiologic and flow cytometric analysis
may help clarify if changes in the proportion of circulating
immune cells are related to local tissue changes or the LBP
experience.

Spectral flow cytometry will be used for immune-profiling
of peripheral blood. For staining, OMIP-69, an optimized
immunophenotyping panel will be used [80]. This panel con-
tains 40 markers to characterize CD4 T cells, CD8 T cells,
Tregs, y0 T cells, NKT-like cells, B cells, NK cells, monocytes,
and dendritic cells.

Conclusions

These efforts represent a broad, comprehensive approach to
biospecimen collection that will facilitate novel biological bio-
marker evaluation. As biospecimen handling, processing, and
analysis procedures are harmonized, larger datasets are cre-
ated as a benefit to BACPAC. In addition, given the vast and
varied data being collected throughout BACPAC on the same
participants, more comprehensive analyses can be accom-
plished considering all contributors to the complex condition
of cLBP. This approach has a higher likelihood of yielding
clinically relevant targets, both for prognosis and treatment.
Finally, this work will produce an invaluable biorepository
that can later be queried as novel hypotheses are developed,
with the goal of improving outcomes for this common and
costly condition.

Acknowledgments

The authors would like to acknowledge the personnel
involved in the EPPIC-Net DCC at the NYU Grossman
School of Medicine Center for Biospecimen Research and
Development for their support on this work. The authors
would also like to thank the clinical research coordinators at



The BACPAC Biospecimen Protocol

each site. Additionally, the authors would like to thank
Christiane Carson at the UNC DAC for her assistance in put-
ting this manuscript together.

Supplementary Data

Supplementary Data may be found online at Pain Medicine
online.

Funding

The Back Pain Consortium (BACPAC) Research Program is
administered by the National Institute of Arthritis and
Musculoskeletal and Skin Diseases (NIAMS). This research
was supported by the National Institutes of Health through
The Helping to End Addiction Long-term®™ Initiative, or
NIH HEAL Initiative, under award numbers U19AR076725-
01 (Sowa, PITT), UI19AR076737-01 (Lotz, UCSF),
U19AR076734-01 (Clauw, UMICH), U24AR076730-01
(Lavange, UNC), UH2AR076719-01 (Fields, UCSF), and by
the Early Phase Pain Investigation Clinical Network Data
Coordinating Center (EPPIC-Net DCC) grant
3U24NS113844-01 from the National Institutes of Health
HEAL Initiative through the National Institute of
Neurological Disorders and Stroke, and used the NYU
Grossman School of Medicine Center for Biospecimen
Research and Development (CBRD). The content is solely the
responsibility of the authors and does not necessarily repre-
sent the official views of the National Institutes of Health or
its NIH HEAL Initiative.

Conflicts of interest: The authors have no conflicts of interest
to report.

Supplement sponsorship

This article appears as part of the supplement entitled “Back
Pain Consortium (BACPAC) Research Program” supported
by the National Institutes of Health through the NIH HEAL
Initiative under award number AR076730-01.

Disclaimer

The content is solely the responsibility of the authors and
does not necessarily represent the official views of the
National Institutes of Health or its NIH HEAL Initiative.

References

1. Borenstein D. Epidemiology, etiology, diagnostic evaluation, and
treatment of low back pain. Current Opin Rheumatol 1992;4
(2):226-32.

2. Borenstein DG. Chronic low back pain. Rheum Dis Clin North
Am 1996;22(3):439-56. doi:10.1016/s0889-857x(05)70281-7.

3. National Institute of Neurological Disorders and Stroke. Back
Pain Fact Sheet (NIH Publication No. 20-NS-5161). 2020.
Available at:  https://www.ninds.nih.gov/health-information/
patient-caregiver-education/fact-sheets/low-back-pain-fact-sheet
(accessed 3 January 2023).

4. Allegri M, De Gregori M, Minella CE, et al.; PainOMICS Group.
‘Omics’ biomarkers associated with chronic low back pain:
Protocol of a retrospective longitudinal study. BMJ Open 2016;6
(10):¢012070. doi:10.1136/bmjopen-2016-012070.

S. Dagostino C, De Gregori M, Gieger C, et al.; PainOmics Group.
Validation of standard operating procedures in a multicenter

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

S77

retrospective study to identify -omics biomarkers for chronic low
back pain. PLoS One 2017;12(5):e0176372. doi:10.1371/journal.
pone.0176372

Reveille JD. Biomarkers in axial spondyloarthritis and low back
pain: A comprehensive review. Clin Rheumatol 2022;41
(3):617-34.

Hollenberg AM, Magsoodi N, Phan A, et al. Bone morphogenic
protein-2 signaling in human disc degeneration and correlation to
the Pfirrmann MRI grading system. Spine ] 2021;21(7):1205-16.
doi:10.1016/j.spinee.2021.03.002.

Karppinen ], Koivisto K, Ketola ], et al. Serum biomarkers for
Modic changes in patients with chronic low back pain. Eur Spine J
2021;30(4):1018-27. doi:10.1007/s00586-020-06713-z.

Xiong Z, Ding J, Zhou J, Yao S, Zheng ], Guo X. Correlation
between the HIF-lalpha/Notch signaling pathway and Modic
changes in nucleus pulposus cells isolated from patients with low
back pain. BMC Musculoskelet Disord 2020;21(1):500. doi:10.
1186/s12891-020-03505-w.

Dudli S, Ballatori A, Bay-Jensen AC, et al. Serum biomarkers for
connective tissue and basement membrane remodeling are associ-
ated with vertebral endplate bone marrow lesions as seen on MRI
(Modic Changes). Int ] Mol Sci 2020;21(11):3791.

Kumbhare D, Hassan S, Diep D, et al. Potential role of blood bio-
markers in patients with fibromyalgia: A systematic review with
meta-analysis. Pain 2022;163(7):1232-53. doi:10.1097/j.pain.
0000000000002510.

Khan AN, Jacobsen HE, Khan J, et al. Inflammatory biomarkers
of low back pain and disc degeneration: A review. Ann N'Y Acad
Sci2017;1410(1):68-84. doi:10.1111/nyas.13551.

Morris P, Ali K, Merritt M, Pelletier J, Macedo LG. A systematic
review of the role of inflammatory biomarkers in acute, subacute
and chronic non-specific low back pain. BMC Musculoskelet
Disord 2020;21(1):142. d0i:10.1186/s12891-020-3154-3.

Lim YZ, Wang Y, Cicuttini FM, et al. Association between
inflammatory biomarkers and nonspecific low back pain: A sys-
tematic review. Clin J Pain 2020;36(5):379-89. doi:10.1097/A]P.
0000000000000810.

Han Y, Zhou CM, Shen H, et al. Attenuation of ataxia telangiec-
tasia mutated signalling mitigates age-associated intervertebral disc
degeneration. Aging Cell 2020;19(7):e13162. doi:10.1111/acel.
13162.

Han Y, Ouyang Z, Wawrose RA, et al. ISSLS prize in basic science
2021: A novel inducible system to regulate transgene expression
of TIMP1. Eur Spine ] 2021;30(5):1098-107. doi:10.1007/
s00586-021-06728-0.

Patil P, Falabella M, Saeed A, et al. Oxidative stress-induced sen-
escence markedly increases disc cell bioenergetics. Mech Ageing
Dev 2019;180:97-106. d0i:10.1016/j.mad.2019.04.006.

Wong ], Sampson SL, Bell-Briones H, et al. Nutrient supply and
nucleus pulposus cell function: Effects of the transport properties
of the cartilage endplate and potential implications for intradiscal
biologic therapy. Osteoarthritis Cartilage/OARS Osteoarthritis
Res Soc 2019;27(6):956-64. d0i:10.1016/j.joca.2019.01.013.
Yurube T, Buchser WJ, Moon HJ, et al. Serum and nutrient depri-
vation increase autophagic flux in intervertebral disc annulus
fibrosus cells: An in vitro experimental study. Eur Spine J 2019;28
(5):993-1004. doi:10.1007/s00586-019-05910-9.

Dombrowski ME, Olsen AS, Vaudreuil N, et al. Rabbit annulus
fibrosus cells express neuropeptide Y, which is influenced by
mechanical and inflammatory stress. Neurospine 2020;17
(1):69-76. doi:10.14245/ns.2040046.023

Zhao CQ, Wang LM, Jiang LS, Dai LY. The cell biology of inter-
vertebral disc aging and degeneration. Ageing Res Rev 2007;6
(3):247-61. d0i:10.1016/j.arr.2007.08.001.

Wand BM, O’Connell NE. Chronic non-specific low back pain -
sub-groups or a single mechanism? BMC Musculoskelet Disord
2008;9:11.d0i:10.1186/1471-2474-9-11.


https://academic.oup.com/painmedicine/article-lookup/doi/10.1093/pm/pnac197#supplementary-data
https://doi.org/10.1016/s0889-857x(05)70281-7
https://doi.org/10.1136/bmjopen-2016-012070
https://doi.org/10.1371/journal.pone.0176372
https://doi.org/10.1371/journal.pone.0176372
https://doi.org/10.1016/j.spinee.2021.03.002
https://doi.org/10.1007/s00586-020-06713-z
https://doi.org/10.1186/s12891-020-03505-w
https://doi.org/10.1186/s12891-020-03505-w
https://doi.org/10.1097/j.pain.0000000000002510
https://doi.org/10.1097/j.pain.0000000000002510
https://doi.org/10.1111/nyas.13551
https://doi.org/10.1186/s12891-020-3154-3
https://doi.org/10.1097/AJP.0000000000000810
https://doi.org/10.1097/AJP.0000000000000810
https://doi.org/10.1111/acel.13162
https://doi.org/10.1111/acel.13162
https://doi.org/10.1007/s00586-021-06728-0
https://doi.org/10.1007/s00586-021-06728-0
https://doi.org/10.1016/j.mad.2019.04.006
https://doi.org/10.1016/j.joca.2019.01.013
https://doi.org/10.1007/s00586-019-05910-9
https://doi.org/10.14245/ns.2040046.023
https://doi.org/10.1016/j.arr.2007.08.001
https://doi.org/10.1186/1471-2474-9-11

S78

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Sluka KA, Clauw DJ. Neurobiology of fibromyalgia and chronic
widespread pain. Neuroscience 2016;338:114-29. do0i:10.1016/.
neuroscience.2016.06.006.

Awasthi S, Spellman DS, Hatcher NG. Proteomic discovery and
validation of novel fluid biomarkers for improved patient selec-
tion and prediction of clinical outcomes in Alzheimer’s disease
patient  cohorts. 2022;10(3):26.d0i:10.3390/
proteomes10030026.

Blasco Tavares Pereira Lopes F, Schlatzer D, Wang R, et al.
Temporal and sex-linked protein expression dynamics in a fami-
lial model of Alzheimer’s Disease. Mol Cell Proteomics 2022;21
(9):100280.d0i:10.1016/j.mcpro.2022.100280.

Girerd N, Cleland J, Anker SD, et al. Inflammation and remodel-
ing pathways and risk of cardiovascular events in patients with
ischemic heart failure and reduced ejection fraction. Sci Rep 2022;
12(1):8574.d0i:10.1038/s41598-022-12385-0.

Rossi R, Mereuta OM, Barbachan ESM, et al. Potential bio-
markers of acute ischemic stroke etiology revealed by mass
spectrometry-based proteomic characterization of formalin-fixed
paraffin-embedded blood clots. Front Neurol 2022;13
:854846.d0i:10.3389/fneur.2022.854846

Moutafi MK, Molero M, Martinez Morilla S, et al. Spatially
resolved proteomic profiling identifies tumor cell CD44 as a bio-
marker associated with sensitivity to PD-1 axis blockade in
advanced non-small-cell lung cancer. ] Immunother Cancer 2022;
10(8):e004757.d0i:10.1136/jitc-2022-004757.

Dorsey SG, Renn CL, Griffioen M, et al. Whole blood transcrip-
tomic profiles can differentiate vulnerability to chronic low back
pain. PLoS One 2019;14(5):e0216539.d0i:10.1371/journal.pone.
0216539.

Starkweather AR, Ramesh D, Lyon DE, et al. Acute low back
pain: Differential somatosensory function and gene expression
compared with healthy no-pain controls. Clin J Pain 2016;32
(11):933-9. doi:10.1097/ajp.0000000000000347.

Buckley DA, Jennings EM, Burke NN, et al. The development of
translational biomarkers as a tool for improving the understand-
ing, diagnosis and treatment of chronic neuropathic pain. Mol
Neurobiol 2018;55(3):2420-30. doi:10.1007/s12035-017-0492-
8.

Adhikari B, Starkweather A, Xu W, et al. A feasibility study on
yoga’s mechanism of action for chronic low back pain:
Psychological and neurophysiological changes, including global
gene expression and DNA methylation, following a yoga interven-
tion for chronic low back pain. Pilot Feasibility Stud 2022;8
(1):142.d0i:10.1186/s40814-022-01103-2.

Thaiss CA, Zmora N, Levy M, Elinav E. The microbiome and
innate immunity. Nature 2016;535(7610):65-74. doi:10.1038/
nature18847.

Qin J, Li R, Raes J, et al.; MetaHIT Consortium. A human gut
microbial gene catalogue established by metagenomic sequencing.
Nature 2010;464(7285):59-65. d0i:10.1038/nature08821.
Jarchum I, Pamer EG, Regulation of innate and adaptive immun-
ity by the commensal microbiota. Curr Opin Immunol 2011;23
(3):353-60. d0i:10.1016/j.c0i.2011.03.001.

Vieira SM, Pagovich OE, Kriegel MA. Diet, microbiota and auto-
immune diseases. Lupus 2014;23(6):518-26. doi:10.1177/
0961203313501401.

McLean MH, Dieguez D, Jr., Miller LM, Young HA. Does the
microbiota play a role in the pathogenesis of autoimmune dis-
eases? Gut 2015;64(2):332-41.  doi:10.1136/gutjnl-2014-
308514.

Steves CJ, Bird S, Williams FM, Spector TD. The microbiome and
musculoskeletal conditions of aging: A review of evidence for
impact and potential therapeutics. ] Bone Miner Res 2016531
(2):261-9. doi:10.1002/jbmr.2765.

Schirmer M, Smeekens SP, Vlamakis H, et al. Linking the human
gut microbiome to inflammatory cytokine production capacity.
Cell 20165167(4):1125-36.€8. doi:10.1016/j.cell.2016.10.020.

Proteomes

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

5S.

56.

57.

58.

Fields et al.

Ivanov II, Frutos R. d L, Manel N, et al. Specific microbiota direct
the differentiation of IL-17-producing T-helper cells in the mucosa
of the small intestine. Cell Host Microbe 2008;4(4):337-49.
doi:10.1016/.chom.2008.09.009.

Lee YK, Menezes JS, Umesaki Y, Mazmanian SK.
Proinflammatory T-cell responses to gut microbiota promote
experimental autoimmune encephalomyelitis. Proc Natl Acad Sci
USA  2011;108(Suppl  1):4615-4622.  doi:10.1073/pnas.
1000082107.

Risbud MV, Shapiro IM. Role of cytokines in intervertebral disc
degeneration: Pain and disc content. Nat Rev Rheumatol 2014;10
(1):44-56. d0i:10.1038/nrrheum.2013.160.

Guo R, Chen LH, Xing C, Liu T. Pain regulation by gut micro-
biota: Molecular mechanisms and therapeutic potential. Br ]
Anaesth 2019;123(5):637-54. doi:10.1016/j.bja.2019.07.026.
Boer CG, Radjabzadeh D, Medina-Gomez C, et al. Intestinal
microbiome composition and its relation to joint pain and inflam-
mation. Nat Commun 2019;10(1):4881.doi:10.1038/s41467-
019-12873-4.

Shen S, Lim G, You Z, et al. Gut microbiota is critical for the
induction of chemotherapy-induced pain. Nat Neurosci 2017;20
(9):1213-6. doi:10.1038/nn.4606.

Flint HJ, Scott KP, Louis P, Duncan SH. The role of the gut micro-
biota in nutrition and health. Nat Rev Gastroenterol Hepatol
2012;9(10):577-89. doi:10.1038/nrgastro.2012.156.

Cryan JF, Dinan TG. Mind-altering microorganisms: The impact
of the gut microbiota on brain and behaviour. Nat Rev Neurosci
2012;13(10):701-12. doi:10.1038/nrn3346.

Roager HM, Licht TR. Microbial tryptophan catabolites in health
and disease. Nat Commun 2018;9(1):3294.doi:10.1038/s41467-
018-05470-4.

Goodrich JK, Di Rienzi SC, Poole AC, et al. Conducting a micro-
biome study. Cell 2014;158(2):250-62. doi:10.1016/j.cell.2014.
06.037.

DeAngelis KM, Brodie EL, DeSantis TZ, Andersen GL, Lindow
SE, Firestone MK. Selective progressive response of soil microbial
community to wild oat roots. ISME J 2009;3(2):168-78. doi:10.
1038/ismej.2008.103.

Poncheewin W, Hermes GDA, van Dam JC]J, Koehorst JJ, Smidt
H, Schaap PJ. NG-Tax 2.0: a semantic framework for high-
throughput amplicon analysis. Front Genet 2019;10:1366.doi:10.
3389/fgene.2019.01366.

Fujimura KE, Sitarik AR, Havstad S, et al. Neonatal gut microbiota
associates with childhood multisensitized atopy and T cell differentia-
tion. Nat Med 2016:22(10):1187-91. doi:10.1038/nm.4176.

Suri P, Palmer MR, Tsepilov YA, et al. Genome-wide meta-
analysis of 158,000 individuals of European ancestry identifies
three loci associated with chronic back pain. PLoS Genet 2018;14
(9):¢1007601. doi:10.1371/journal.pgen.1007601.

Schneider VA, Graves-Lindsay T, Howe K, et al. Evaluation of
GRCh38 and de novo haploid genome assemblies demonstrates
the enduring quality of the reference assembly. Genome Res 2017;
27(5):849-64. doi:10.1101/gr.213611.116.

Psaty BM, O’Donnell CJ], Gudnason V, et al.; CHARGE
Consortium. Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) Consortium: design of prospective
meta-analyses of genome-wide association studies from 5 cohorts.
Circ Cardiovasc Genet 2009;2(1):73-80. doi:10.1161/circge-
netics.108.829747.

Beck D, Ben Maamar M, Skinner MK. Genome-wide CpG density
and DNA methylation analysis method (MeDIP, RRBS, and
WGBS) comparisons. Epigenetics 2022;17(5):518-30. doi:10.
1080/15592294.2021.1924970.

Battié MC, Videman T, Levalahti E, Gill K, Kaprio ]J. Heritability
of low back pain and the role of disc degeneration. Pain 2007;131
(3):272-80. d0i:10.1016/j.pain.2007.01.010.

Sambrook PN, MacGregor AJ, Spector TD. Genetic influences on
cervical and lumbar disc degeneration: A magnetic resonance


https://doi.org/10.1016/j.neuroscience.2016.06.006
https://doi.org/10.1016/j.neuroscience.2016.06.006
https://doi.org/10.3390/proteomes10030026
https://doi.org/10.3390/proteomes10030026
https://doi.org/10.1016/j.mcpro.2022.100280
https://doi.org/10.1038/s41598-022-12385-0
https://doi.org/10.3389/fneur.2022.854846
https://doi.org/10.1136/jitc-2022-004757
https://doi.org/10.1371/journal.pone.0216539
https://doi.org/10.1371/journal.pone.0216539
https://doi.org/10.1097/ajp.0000000000000347
https://doi.org/10.1007/s12035-017-0492-8
https://doi.org/10.1007/s12035-017-0492-8
https://doi.org/10.1186/s40814-022-01103-2
https://doi.org/10.1038/nature18847
https://doi.org/10.1038/nature18847
https://doi.org/10.1038/nature08821
https://doi.org/10.1016/j.coi.2011.03.001
https://doi.org/10.1177/0961203313501401
https://doi.org/10.1177/0961203313501401
https://doi.org/10.1136/gutjnl-2014-308514
https://doi.org/10.1136/gutjnl-2014-308514
https://doi.org/10.1002/jbmr.2765
https://doi.org/10.1016/j.cell.2016.10.020
https://doi.org/10.1016/j.chom.2008.09.009
https://doi.org/10.1073/pnas.1000082107
https://doi.org/10.1073/pnas.1000082107
https://doi.org/10.1038/nrrheum.2013.160
https://doi.org/10.1016/j.bja.2019.07.026
https://doi.org/10.1038/s41467-019-12873-4
https://doi.org/10.1038/s41467-019-12873-4
https://doi.org/10.1038/nn.4606
https://doi.org/10.1038/nrgastro.2012.156
https://doi.org/10.1038/nrn3346
https://doi.org/10.1038/s41467-018-05470-4
https://doi.org/10.1038/s41467-018-05470-4
https://doi.org/10.1016/j.cell.2014.06.037
https://doi.org/10.1016/j.cell.2014.06.037
https://doi.org/10.1038/ismej.2008.103
https://doi.org/10.1038/ismej.2008.103
https://doi.org/10.3389/fgene.2019.01366
https://doi.org/10.3389/fgene.2019.01366
https://doi.org/10.1038/nm.4176
https://doi.org/10.1371/journal.pgen.1007601
https://doi.org/10.1101/gr.213611.116
https://doi.org/10.1161/circgenetics.108.829747
https://doi.org/10.1161/circgenetics.108.829747
https://doi.org/10.1080/15592294.2021.1924970
https://doi.org/10.1080/15592294.2021.1924970
https://doi.org/10.1016/j.pain.2007.01.010

The BACPAC Biospecimen Protocol

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

imaging study in twins. Arthritis Rheum 1999;42(2):366-72.
doi:10.1002/1529-0131(199902)42:2<366::aid-anr20>3.0.c0;2-6.
Hartvigsen ], Nielsen J, Kyvik KO, et al. Heritability of spinal
pain and consequences of spinal pain: A comprehensive genetic
epidemiologic analysis using a population-based sample of
15,328 twins ages 20-71 years. Arthritis Rheum 2009;61
(10):1343-51. d0i:10.1002/art.24607.

Suri P, Boyko EJ, Smith NL, et al. Modifiable risk factors for
chronic back pain: Insights using the co-twin control design. Spine
J2017;17(1):4-14. d0i:10.1016/j.spinee.2016.07.533.

Shiri R, Falah-Hassani K, Heliévaara M, et al. Risk factors for
low back pain: A population-based longitudinal study. Arthritis
Care Res (Hoboken) 2019;71(2):290-9. doi:10.1002/acr.23710.
Jabbari K, Bernardi G. Cytosine methylation and CpG, TpG
(CpA) and TpA frequencies. Gene 2004;333:143-9. doi:10.1016/j.
gene.2004.02.043.

Saxonov S, Berg P, Brutlag DL. A genome-wide analysis of CpG
dinucleotides in the human genome distinguishes two distinct
classes of promoters. Proc Natl Acad Sci USA 2006;103
(5):1412-7. d0i:10.1073/pnas.0510310103.

Cao Y, Zhan Y, Qiu S, et al. Integrative analysis of genome-wide
DNA methylation and single-nucleotide polymorphism identified
ACSMS as a suppressor of lumbar ligamentum flavum hypertro-
phy. Arthritis Res Ther 2021;23(1):251. doi:10.1186/s13075-
021-02625-5.

Ikuno A, Akeda K, Takebayashi SI, Shimaoka M, Okumura K,
Sudo A. Genome-wide analysis of DNA methylation profile iden-
tifies differentially methylated loci associated with human inter-
vertebral disc degeneration. PLoS One 2019;14(9):e0222188.
doi:10.1371/journal.pone.0222188.

Tajerian M, Alvarado S, Millecamps M, et al. DNA methylation
of SPARC and chronic low back pain. Mol Pain 2011;7:65.
doi:10.1186/1744-8069-7-65.

Williams FM, Bansal AT, van Meurs JB, et al. Novel genetic var-
iants associated with lumbar disc degeneration in northern
Europeans: A meta-analysis of 4600 subjects. Ann Rheum Dis
2013;72(7):1141-8. doi:10.1136/annrheumdis-2012-201551.
Aroke EN, Jackson P, Meng L, et al. Differential DNA methyla-
tion in Black and White individuals with chronic low back pain
enrich different genomic pathways. Neurobiol Pain 2022;11:
100086. doi:10.1016/j.ynpai.2022.100086.

Aroke EN, Overstreet DS, Penn TM, et al. Identification of DNA
methylation associated enrichment pathways in adults with non-
specific  chronic low back pain. Mol Pain 2020;16:
1744806920972889. doi:10.1177/1744806920972889.

Goodin BR, Overstreet DS, Penn TM, et al. Epigenome-wide
DNA methylation profiling of conditioned pain modulation in
individuals with non-specific chronic low back pain. Clin
Epigenetics 2022514(1):45. do0i:10.1186/s13148-022-01265-z.
Eller OC, Glidden N, Knight B, et al. A role for global DNA meth-
ylation level and IL2 expression in the transition from acute to
chronic low back pain. Front Pain Res (Lausanne) 2021;2
:744148. doi:10.3389/fpain.2021.744148.

Gregoire S, Cheishvili D, Salmon-Divon M, et al. Epigenetic sig-
nature of chronic low back pain in human T cells. Pain Rep 2021;
6(4):¢960. doi:10.1097/PR9.0000000000000960.

Laumet G, Ma J, Robison AJ, Kumari S, Heijnen CJ, Kavelaars A.
T cells as an emerging target for chronic pain therapy. Front Mol
Neurosci 2019;12:216. do0i:10.3389/famol.2019.00216.
Luchting B, Rachinger-Adam B, Heyn J, Hinske LC, Kreth S,
Azad SC. Anti-inflammatory T-cell shift in neuropathic pain. J
Neuroinflamm 2015;12:12. d0i:10.1186/5s12974-014-0225-0.
Luchting B, Rachinger-Adam B, Zeitler J, et al. Disrupted TH17/
Treg balance in patients with chronic low back pain. PLoS One
2014;9(8):e104883. d0i:10.1371/journal.pone.0104883.

Dudli S, Sing DC, Hu SS, et al. ISSLS prize in basic science 2017:
Intervertebral disc/bone marrow cross-talk with Modic changes.
Eur Spine J 2017;26(5):1362-73. doi:10.1007/s00586-017-4955-
4.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

S79

Geiss A, Larsson K, Junevik K, Rydevik B, Olmarker K.
Autologous nucleus pulposus primes T cells to develop into
interleukin-4-producing effector cells: An experimental study on
the autoimmune properties of nucleus pulposus. ] Orthopaed Res
2009;27(1):97-103. doi:10.1002/jor.20691.

Tian P, Ma XL, Wang T, Ma JX, Yang X. Correlation between
radiculalgia and counts of T lymphocyte subsets in the periph-
eral blood of patients with lumbar disc herniation. Orthop Surg
2009;1(4):317-21. d0i:10.1111/j.1757-7861.2009.00052..x.
Dudli S, Karol A, Giudici L, et al. CD90-positive stromal cells
associate with inflammatory and fibrotic changes in modic
changes. Osteoarthritis Cartilage Open 2022;4(3):100287.
doi:10.1016/j.0carto0.2022.100287.

Park LM, Lannigan J, Jaimes MC. OMIP-069: Forty-color full
spectrum flow cytometry panel for deep immunophenotyping of
major cell subsets in human peripheral blood. Cytometry A 2020;
97(10):1044-51. doi:10.1002/cyto.a.24213.

Huang W, Sowa G. Biomarker development for musculoskeletal
diseases. PM R 2011;3(6 Suppl 1):539-44. doi:10.1016/j.pmrj.
2011.04.023.

Hanaei S, Abdollahzade S, Sadr M, Mirbolouk MH,
Khoshnevisan A, Rezaei N. Association of IL10 and TGFB single
nucleotide polymorphisms with intervertebral disc degeneration
in Iranian population: A case control study. BMC Med Genet.
2018;19(1):59. doi:10.1186/s12881-018-0572-2.

Paz Aparicio J, Fernandez Bances I, Lopez-Anglada Fernandez E,
et al. The IL-1beta (+3953 T/C) gene polymorphism associates to
symptomatic lumbar disc herniation. Eur Spine J 2011;20(Suppl
3):383-389. d0i:10.1007/s00586-011-1915-2.

Moen A, Schistad EI, Rygh L], Roe C, Gjerstad J. Role of IL1A
rs1800587, IL1B rs1143627 and IL1RN rs2234677 genotype
regarding development of chronic lumbar radicular pain; a pro-
spective one-year study. PLoS One 2014;9(9):¢107301. doi:10.
1371/journal.pone.0107301.

Zhu Y, Li S, Niu F, et al. Association between IL4, IL6 gene poly-
morphism and lumbar disc degeneration in Chinese population.
Oncotarget 2017;8(51):89064-89071. doi:10.18632/oncotarget.
21650.

Han IB, Ropper AE, Teng YD, et al. Association between VEGF
and eNOS gene polymorphisms and lumbar disc degeneration in
a vyoung Korean population. Genet Mol Res 2013;12
(3):2294-2305. d0i:10.4238/2013. July.8.10.

Solovieva S, Leino-Arjas P, Saarela ], Luoma K, Raininko R,
Riihiméki H. Possible association of interleukin 1 gene locus poly-
morphisms with low back pain. Pain 2004;109(1-2):8-19. doi:10.
1016/}.pain.2003.10.020.

Zhu 'Y, Jia H, Li ], et al. Associations between variants in BDNF/
BDNFOS gene and lumbar disc herniation risk among Han
Chinese people. Sci Rep 2018;8(1):12782. d0i:10.1038/s41598-
018-31146-6.

Mu J, Ge W, Zuo X, Chen Y, Huang C. Analysis of association
between IL-1beta, CASP-9, and GDFS5 variants and low-back
pain in Chinese male soldier: Clinical article. J Neurosurg Spine
2013;19(2):243-247. doi:10.3171/2013.4.spine12782.

Perera RS, Dissanayake PH, Senarath U, Wijayaratne LS,
Karunanayake AL, Dissanayake VHW. Variants of ACAN are
associated with severity of lumbar disc herniation in patients with
chronic low back pain. PLoS One 2017;12(7):e0181580. doi:10.
1371/journal.pone.0181580.

Aladin DM, Cheung KM, Chan D, et al. Expression of the Trp2
allele of COL9A2 is associated with alterations in the mechanical
properties of human intervertebral discs. Spine (Phila Pa 1976) 2007;
32(25):2820-2826. doi:10.1097/BRS.0b013e31815b75¢5.

Toktas ZO, Eksi MS, Yilmaz B, et al. Association of collagen I, IX
and vitamin D receptor gene polymorphisms with radiological
severity of intervertebral disc degeneration in Southern European
Ancestor. Eur Spine ] 2015;24(11):2432-2441. doi:10.1007/
s00586-015-4206-5.


https://doi.org/10.1002/1529-0131(199902)42:2&hx003C;366::aid-anr20&hx003E;3.0.co;2-6
https://doi.org/10.1002/1529-0131(199902)42:2&hx003C;366::aid-anr20&hx003E;3.0.co;2-6
https://doi.org/10.1002/1529-0131(199902)42:2&hx003C;366::aid-anr20&hx003E;3.0.co;2-6
https://doi.org/10.1002/art.24607
https://doi.org/10.1016/j.spinee.2016.07.533
https://doi.org/10.1002/acr.23710
https://doi.org/10.1016/j.gene.2004.02.043
https://doi.org/10.1016/j.gene.2004.02.043
https://doi.org/10.1073/pnas.0510310103
https://doi.org/10.1186/s13075-021-02625-5
https://doi.org/10.1186/s13075-021-02625-5
https://doi.org/10.1371/journal.pone.0222188
https://doi.org/10.1186/1744-8069-7-65
https://doi.org/10.1136/annrheumdis-2012-201551
https://doi.org/10.1016/j.ynpai.2022.100086
https://doi.org/10.1177/1744806920972889
https://doi.org/10.1186/s13148-022-01265-z
https://doi.org/10.3389/fpain.2021.744148
https://doi.org/10.1097/PR9.0000000000000960
https://doi.org/10.3389/fnmol.2019.00216
https://doi.org/10.1186/s12974-014-0225-0
https://doi.org/10.1371/journal.pone.0104883
https://doi.org/10.1007/s00586-017-4955-4
https://doi.org/10.1007/s00586-017-4955-4
https://doi.org/10.1002/jor.20691
https://doi.org/10.1111/j.1757-7861.2009.00052.x
https://doi.org/10.1016/j.ocarto.2022.100287
https://doi.org/10.1002/cyto.a.2421
https://doi.org/3
https://doi.org/10.1016/j.pmrj.2011.04.023
https://doi.org/10.1016/j.pmrj.2011.04.023
https://doi.org/10.1186/s12881-018-0572-2
https://doi.org/10.1007/s00586-011-1915-2
https://doi.org/10.1371/journal.pone.0107301
https://doi.org/10.1371/journal.pone.0107301
https://doi.org/10.18632/oncotarget.21650
https://doi.org/10.18632/oncotarget.21650
https://doi.org/10.4238/2013.July.8.10
https://doi.org/10.1016/j.pain.2003.10.020
https://doi.org/10.1016/j.pain.2003.10.020
https://doi.org/10.1038/s41598-018-31146-6
https://doi.org/10.1038/s41598-018-31146-6
https://doi.org/10.3171/2013.4.spine12782
https://doi.org/10.1371/journal.pone.0181580
https://doi.org/10.1371/journal.pone.0181580
https://doi.org/10.1097/BRS.0b013e31815b75c5
https://doi.org/10.1007/s00586-015-4206-5
https://doi.org/10.1007/s00586-015-4206-5

S80

93.

94.

95.

96.

97.

98.

99.

Jacobsen LM, Schistad EI, Storesund A, et al. The MMP1
rs1799750 2G allele is associated with increased low back pain,
sciatica, and disability after lumbar disk herniation. Clin J Pain
2013;29(11):967-971. d0i:10.1097/AJP.0b013e31827df7fd.
Eser B, Eser O, Yuksel Y, et al. Effects of MMP-1 and MMP-3
gene polymorphisms on gene expression and protein level in lum-
bar disc herniation. Genet Mol Res 2016;15(3). doi:10.4238/gmr.
15038669.

Sun ZM, Miao L, Zhang YG, Ming L. Association between the -
1562 C/T polymorphism of matrix metalloproteinase-9 gene and
lumbar disc disease in the young adult population in North
China. Connect Tissue Res 2009;50(3):181-185. d0i:10.1080/
03008200802585630.

Liu S, Wu N, Liu J, et al. Association between ADAMTS-4 gene
polymorphism and lumbar disc degeneration in Chinese Han pop-
ulation. ] Orthop Res 2016;34(5):860-864. doi:10.1002/jor.
23081.

Tiaden AN, Klawitter M, Lux V, et al. Detrimental role for
human high temperature requirement serine protease Al
(HTRA1) in the pathogenesis of intervertebral disc (IVD) degenera-
tion. J Biol Chem 2012;287(25):21335-21345. doi:10.1074/jbc.
M112.341032.

Urano T, Narusawa K, Kobayashi S, et al. Association of HTRA1
promoter polymorphism with spinal disc degeneration in
Japanese women. ] Bone Miner Metab 2010;28(2):220-226.
doi:10.1007/s00774-009-0124-0.

Jacobsen LM, Schistad EI, Storesund A, et al. The COMT rs4680
Met allele contributes to long-lasting low back pain, sciatica and

100.

101.

102.

103.

104.

105.

Fields et al.

disability after lumbar disc herniation. Eur ] Pain 2012;16
(7):1064-1069. d0i:10.1002/j.1532-2149.2011.00102.x.

Skouen JS, Smith AJ, Warrington NM, et al. Genetic variation in
the beta-2 adrenergic receptor is associated with chronic muscu-
loskeletal complaints in adolescents. Eur ] Pain 2012;16
(9):1232-1242. doi:10.1002/j.1532-2149.2012.00131.x.

Bruehl S, Denton JS, Lonergan D, et al. Associations between
KCNJ6 (GIRK2) gene polymorphisms and pain-related pheno-
types. Pain 2013;154(12):2853-2859. do0i:10.1016/j.pain.2013.
08.026.

Ramesh D, D’Agata A, AR, Young EE.
Contribution of endocannabinoid gene expression and genotype
on low back pain susceptibility and chronicity. Clin J Pain 2018;
34(1):8-14. doi:10.1097/ajp.0000000000000508.

Dagostino C, Allegri M, Napolioni V, et al. CYP2D6 genotype
can help to predict effectiveness and safety during opioid treat-
ment for chronic low back pain: Results from a retrospective
study in an Italian cohort. Pharmgenomics Pers Med 2018;11
:179-191. doi:10.2147/pgpm.s181334.

Cauci S, Migliozzi F, Trombetta CS, et al. Low back pain and
FokI (rs2228570) polymorphism of vitamin D receptor in ath-
letes. BMC Sports Sci Med Rehabil 2017;9:4. doi:10.1186/
$13102-017-0069-x.

Guo TM, Liu M, Zhang YG, Guo WT, Wu SX. Association
between Caspase-9 promoter region polymorphisms and disco-
genic low back pain. Connect Tissue Res 2011;52(2):133-138.
doi:10.3109/03008207.2010.487621.

Starkweather


https://doi.org/10.1097/AJP.0b013e31827df7fd
https://doi.org/10.4238/gmr.15038669
https://doi.org/10.4238/gmr.15038669
https://doi.org/10.1080/03008200802585630
https://doi.org/10.1080/03008200802585630
https://doi.org/10.1002/jor.23081
https://doi.org/10.1002/jor.23081
https://doi.org/10.1074/jbc.M112.341032
https://doi.org/10.1074/jbc.M112.341032
https://doi.org/10.1007/s00774-009-0124-0
https://doi.org/10.1002/j.1532-2149.2011.00102.x
https://doi.org/10.1002/j.1532-2149.2012.00131.x
https://doi.org/10.1016/j.pain.2013.08.026
https://doi.org/10.1016/j.pain.2013.08.026
https://doi.org/10.1097/ajp.0000000000000508
https://doi.org/10.2147/pgpm.s181334
https://doi.org/10.1186/s13102-017-0069-x
https://doi.org/10.1186/s13102-017-0069-x
https://doi.org/10.3109/03008207.2010.487621

