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Abstract

Unrelieved pain occurs in 55% of cancer patients. Identification of molecular mechanisms for
pain may provide insights into therapeutic targets. Purpose was to evaluate for perturbations in
neuroinflammatory pathways between oncology patients with and without severe pain. Worst pain
severity was rated using a 0 to 10 numeric rating scale six times over two cycles of chemotherapy.
Latent profile analysis was used to identify subgroups of patients with distinct pain profiles.
Pathway impact analyses were performed in two independent samples using gene expression

data obtained from RNA sequencing (n = 192) and microarray (n = 197) technologies. Fisher’s
combined probability test was used to identify significantly perturbed pathways between None
versus the Severe pain classes. In the RNA sequencing and microarray samples, 62.5% and
56.3% of patients were in the Severe pain class, respectively. Nine perturbed pathways were
related to neuroinflammatory mechanisms (i.e., retrograde endocannabinoid signaling, gamma-
aminobutyric acid synapse, glutamatergic synapse, Janus kinase-signal transducer and activator
of transcription signaling, phagosome, complement and coagulation cascades, cytokine-cytokine
receptor interaction, chemokine signaling, calcium signaling). First study to identify perturbations
in neuroinflammatory pathways associated with severe pain in oncology outpatients. Findings
suggest that complex neuroimmune interactions are involved in the maintenance of chronic pain
conditions.
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Perspective: In this study that compared oncology patients with none versus severe pain,
nine perturbed neuroinflammatory pathways were identified. Findings suggest that complex
neuroimmune interactions are involved in the maintenance of persistent pain conditions.

Keywords

Cancer; chemotherapy; cytokines; gene expression; gamma amino butyric acid; glutamine; neuro-
immune interactions; neuroinflammation

Methods

Approximately 70% of patients experience moderate to severe pain during
chemotherapy.>6:64 Pain can be related to the cancer itself, associated with treatment (e.g.,
mucositis, peripheral neuropathy), or be related to other chronic conditions (e.g., back
pain, osteoarthritis). In our previous study of patients undergoing chemotherapy,64 of the
926 patients evaluated, 20.8% reported only non-cancer pain, 37.7% reported only cancer
pain, and 41.5% reported both types of pain. In the context of the opioid epidemic, recent
evidence suggests that the undertreatment of pain in oncology patients remains a significant
clinical problem.43 One of the gaps in effective management of multiple pain problems in
oncology patients is an incomplete understanding of the mechanisms that underlie chronic
pain. While direct neuronal activation is involved in the development and maintenance

of chronic pain,22 emerging evidence suggests a role for neuroinflammation.14:3249 The
bidirectional communication between the immune and the nervous systems may provide
opportunities to develop more targeted interventions for pain.2’

Neuroinflammation plays a fundamental role in mediating neuronal plasticity.32 As part
of this process, activation of cytokines results in peripheral and central sensitization

and the development of chronic pain,28 including chronic cancer and non-cancer pain.’t
As noted in one review,8 the transition from acute to chronic pain involves prolonged
innate and adaptive immune signaling that induces maladaptive neuronal plasticity within
the peripheral and central nervous systems.32:71 However, while in a study of breast
cancer survivors,®? we identified perturbations in neuroinflammatory pathways associated
with chemotherapy-induced peripheral neuropathy (CIPN), no studies have evaluated for
these types of perturbations in oncology patients with severe pain during chemotherapy.
Therefore, the purpose of this study, using the results of a previous latent profile analysis
(LPA) that identified four classes of patients with distinct pain profiles (i.e., None,

Mild, Moderate, Severe),’ was to use an extreme phenotype approach, to evaluate for
differentially perturbed pathways associated with neuroinflammation between the None and
the Severe pain classes.

Patients and Settings

This study is part of a larger, longitudinal study of the symptom experience of oncology
outpatients receiving chemotherapy.89.7° Eligible patients were =18 years of age; had

a diagnosis of breast, gastrointestinal, gynecological, or lung cancer; had received
chemotherapy within the preceding four weeks; were scheduled to receive at least two
additional cycles of chemotherapy; were able to read, write, and understand English; and
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gave written informed consent. Patients were recruited from two Comprehensive Cancer
Centers, one Veteran’s Affairs hospital, and 4 community-based oncology programs.

Study Procedures

The study was approved by the Institutional Review Board at each of the study sites. Of the
2234 patients approached, 1343 consented to participate (60.1% response rate). The major
reason for refusal was being overwhelmed with their cancer treatment. Eligible patients were
approached in the infusion unit during their first or second cycle of chemotherapy by a
member of the research team to discuss study participation and obtain written informed
consent. Blood for ribonucleic acid (RNA) isolation was collected at the enrollment
assessment. Medical records were reviewed for disease and treatment information. For this
study, a total of 717 patients provided a blood sample for the analyses (Supplemental Figure
1). Of these 717 patients, 357 patients had their samples processed using RNA sequencing
(i.e., RNA-seq sample) and 360 patients had their samples processed using microarray (i.e.,
microarray sample) technologies.

Instruments

Demographic and Clinical Characteristics—Demographic information was obtained
using a self-report questionnaire. Functional status was assessed using the Karnofsky
Performance Status (KPS) scale.3” The occurrence, treatment, and functional impact of

13 common medical conditions were assessed using the Self-Administered Comorbidity
Questionnaire (SCQ).”® Alcohol consumption, behaviors, and associated problems were
measured using the Alcohol Use Disorders Identification test (AUDIT).? The toxicity of
each patient’s chemotherapy regimen was rated using the MAX2 index.20:7® Medical records
were reviewed for disease and treatment information.

Pain Measure—\Worst pain severity was assessed using the Brief Pain Inventory (BPI).16
Patients were asked to indicate whether they were generally bothered by pain (yes/no). If
they were generally bothered by pain, patients rated their worst pain severity in the past

24 hours using a 0 (no pain) to 10 (worst pain imaginable) numeric rating scale (NRS).
Additional information was collected on causes of pain, as well as its duration, locations,
and interference.

Data Analysis

Latent Profile Analysis—In our previous analysis,’* LPA was used to identify
unobserved subgroups of patients (i.e., latent classes) with distinct worst pain profiles over
the six assessments, using the patients’ ratings of worst pain severity. Before performing
the LPA, patients who reported the occurrence of pain for <1 of the six assessments were
identified and label as the “None” class (n = 371, 28.4%). Then, the LPA was performed on
the remaining 934 patients using MPlus™ Version 8.4.%8 Estimation was carried out with full
information maximum likelihood with standard error and a Chi square test that are robust
to non-normality and non-independence of observations (“estimator=MLR”). Model fit was
evaluated to identify the solution that best characterized the observed latent class structure
with the Bayesian Information Criterion,36 Vuong-Lo-Mendell-Rubin likelihood ratio test,
entropy, and latent class percentages that were large enough to be reliable.?® Missing data
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were accommodated for with the use of the Expectation-Maximization (EM) algorithm.57
Three latent classes were identified based on clinically meaningful cutoff scores. For the
current analysis, using an extreme phenotype approach, an evaluation of differentially
perturbed pathways between patients in the None and Severe pain classes was performed.

Imputation Process—Muissing data for demographic and clinical characteristics were
imputed by the k-nearest-neighbors method, with k=9. For continuous variables the
Euclidean distance was used to find the nearest neighbors. The imputed value was the
weighted average of the nearest neighbors, with each weight originally exp(—dist(x,j)), after
which the weights were scaled to one. For categorical variables, distance was 0 if the
predictor and the neighbor had the same value and 1 if they did not. The imputed value was
the mode of the nearest neighbors.

Demographic and Clinical Data—Demographic and clinical data from the two patient
samples (i.e., RNA-seq, microarray) were analyzed separately. Differences in demographic
and clinical characteristics between the patients in the None and Severe pain classes were
evaluated using parametric and non-parametric tests. Significance corresponded to a p-value
of <.05. Characteristics included in the final model were selected using a backwards
stepwise logistic regression approach based on the likelihood ratio test (LRT). The area
under the curve (AUC) of the receiver operating characteristic (ROC) curves was used to
gauge the overall adequacy of the logistic regression model for each sample.1” All these
analyses were performed using R (version 4.1).78

Differential Expression and Pathway Impact Analyses (PIA)—Details on the
methods of the gene expression and pathway impact analyses are provided in Supplemental
File 1. In brief, differential expression was quantified using empirical Bayes models that
were implemented separately for each sample (i.e., using edgeR8” for the RNA-seq sample
and limma’” for the microarray sample). These analyses were adjusted for demographic
and clinical characteristics that were significantly different between the None versus Severe
pain classes. In addition, the models included surrogate variables not associated with class
memberships to adjust for variations due to unmeasured sources.*44° Expression loci were
annotated with Entrez gene identifiers. Gene symbols were derived from the HUGO Gene
Nomenclature Committee resource database.2® The differential expression results were
summarized as the log fold-change and p-value for each gene. Only genes that had a
common direction of expression (i.e., the same sign for the log fold-change) across the two
samples were retained for subsequent analyses. Common genes were matched using gene
symbol.

To interpret the results in the context of pain-related mechanisms, we used PIA that
included potentially important biological factors (e.g., gene-gene interactions, flow signals
in a pathway, pathway topologies), as well as the magnitude (i.e., log fold-change) and
P-values from the differential expression analysis for each sample.>3 The PIA included the
results of the differential expression analyses for all of the genes (i.e., cutoff free) that

had a common direction of differential expression to determine probability of pathway
perturbations (pPERT) using Pathway Express.18 A total of 225 signaling pathways were
defined using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.3 For
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each sample, a separate test was performed for each pathway. Then, we used Fisher’s
Combined Probability method to combine these test results to obtain a single test (global)
of the null hypothesis.?4:25 The significance of the combined transcriptome-wide PIA was
assessed using a false discovery rate (FDR) of 0.015.19 Finally, we evaluated these results
for perturbed neuroinflammatory signaling pathways.

Results

RNA-seq Performance

Of the 357 patients in the RNA-seq sample, 72 were in the None and 120 were in the Severe
pain classes. Median library threshold size was 9,042,589 reads. Following the application
of quality control filters, 10,881 genes were included in the final analysis. The common
dispersion was estimated as 0.26493, yielding a biological coefficient of variation of 0.5147
well within the expected value for clinical samples.#1:51

RNA Microarray Performance

Of the 360 patients in the microarray sample, 86 were in the None and 111 were in the
Severe pain classes. All of these samples demonstrated good hybridization performance for
biotin, background negative, and positive control assays on the arrays. Limma was used for
background correction, quantile normalization, and log2 transformation.”® Following quality
control filters, 46,542 loci were included in the final analysis.

Differences in Demographic and Clinical Characteristics

Of 192 patients with phenotypic data in the RNA seq sample (Table 1), compared to the
None class, the Severe class was more likely to be female; had fewer years of education;

a higher body mass index; a lower performance status; a higher number of comorbidities;
and a higher comorbidity burden; were more likely to have adult care responsibilities; had a
lower annual income, and were more likely to self-report diagnoses of anemia or back pain.

Of 197 patients with phenotypic data in the microarray sample (Table 2), compared to the
None class, the Severe class had fewer years of education; a lower performance status;

a higher number of comorbidities, a higher comorbidity burden, and a higher number of
prior cancer treatments; were more likely to be not married or partnered; had lower annual
income; were less likely to be employed; were less likely to exercise regularly; were more
likely to have a current or previous history of smoking; and were more likely to self-reported
diagnoses of anemia, depression, osteoarthritis, or back pain.

Differences in Pain Characteristics

As summarized in Table 3, no differences were found between the two Severe pain classes
in any of the pain characteristics evaluated. In brief, the majority of the patients had both
cancer and non-cancer pain; were experiencing chronic pain; had worst pain scores in the
severe range; and reported moderate levels of interference.

J Pain. Author manuscript; available in PMC 2024 June 19.
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Logistic Regression Analyses

In the logistic regression analysis for the RNA-seq sample (Table 4), five variables were
retained in the final model (i.e., gender, income, adult care responsibilities, KPS score, self-
reported diagnosis of back pain) and were used as covariates in the gene expression analysis.
Patients who were female, had a lower annual income, had adult care responsibilities, had

a lower functional status, and self-reported a diagnosis of back pain were more likely to
belong to the Severe class.

In the logistic regression analysis for the microarray sample (Table 4), eight variables were
retained in the final model (i.e., married/partnered, exercise on a regular basis, current or
history of smoking, KPS score, number of prior cancer treatments, self-reported diagnoses
of anemia, depression, back pain) and were used as covariates in the gene expression
analysis. Patients who were not married or partnered did not exercise on a regular basis,

had a current or history of smoking, had a lower KPS score, had a higher number of prior
cancer treatments, and self-reported a diagnosis of depression or back pain were more likely
to belong to the Severe class.

Perturbed Signaling Pathways Associated With Worst Pain Severity

Of the 13 surrogate variables identified for the RNA-seq sample, none were associated
with class membership. The final differential expression model for this sample included

13 surrogate variables and five phenotypic characteristics. Of the 15 surrogate variables
identified for microarray sample, two were associated with class membership and

were excluded from the final model. The final differential expression model for this
sample included 13 surrogate variables and eight phenotypic characteristics. For both
samples, a total of 3,868 genes were included in the PIA analyses. Using Fisher’s
Combined Probability method, across the two samples, 51 KEGG signaling pathways were
significantly perturbed at an FDR of 0.015 (see Supplemental File 2). Of these, nine were
related to neuroinflammatory mechanisms (Table 5).

Discussion

This study is the first to provide evidence that suggests that perturbations in several
neuroinflammatory pathways are associated with severe pain in oncology patients receiving
chemotherapy. As noted in one review,%3 a growing body of evidence suggests that both
neurons and immune cells directly and indirectly detect and respond to painful stimuli

and contribute to the initiation and maintenance of chronic pain. Our findings suggest that
shared neuroinflammatory mechanisms may contribute to both cancer and non-cancer pain
in oncology patients with severe pain. The remainder of this discussion focuses on the nine
perturbed pathways identified in this study.

Complement and Coagulation Cascades Pathway

As noted in a recent review,82 complement signaling is important in directing neuronal
responses to tissue injury and nerve trauma. After an acute injury, a complex interplay
occurs between nociceptive neurons and immune cells to promote healing and facilitate
guarding of the site of injury. The complement works by activating immune cells and

J Pain. Author manuscript; available in PMC 2024 June 19.
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stimulates these cells to release inflammatory mediators. However, in the setting of chronic
pain, persistent or unbalanced signaling of complement factors occurs.82 In fact elevated
levels of several key complement factors (e.g., C3a, C5, C5a) were found in patients with
rheumatoid arthritis®>40:59 and osteoarthritis.81:87

Pathway

While little is known about the interaction between phagocytes and nociceptor signaling,
emerging evidence suggests that phagocytes (i.e., macrophage, dendritic cells) can
contribute to the development and maintenance of pain.2’ For example, macrophages release
a variety of immune mediators that bind to receptors on nociceptors. This binding induces
neuronal hyperexcitability and hypersensitivity.2” In addition, microglia play an essential
role in the initiation of neuroinflammation by releasing the complement components C1q
and C3 that induce phagocytosis by binding to neuronal surfaces.® For example, following
high-frequency stimulation-induced spinal long-term potentiation in rats,% the number of
activated microglia in the dorsal and ventral horn increased, which suggests an association
between microglial activation, spinal plasticity, and chronic pain hypersensitivity. In
addition, in a recent preclinical study,?3 blockade of spinal microglia function significantly
attenuated neuropathic pain through the inhibition of neuroinflammation.

Cytokine-cytokine Receptor Interaction Pathway

As noted in one review,%° in response to tissue injury, nociceptors induced a number of

pro- and anti-inflammatory mediators that directly bind to and activate cytokine receptors.
This bidirectional interaction between pain and inflammation leads to hyperexcitability and
hypersensitivity of nociceptor neurons (i.e., peripheral sensitization).33 For example, in both
preclinical and clinical studies, interleukin (IL)-6, tumor necrosis factor-alpha (TNF-a),
and IL-18 appear to be involved in the development and maintenance of pain associated
with cancer,21:72 rheumatoid arthritis,! and peripheral neuropathies.83:92 In contrast, in

a recent preclinical study,*? IL-10 attenuated pain hypersensitivity following cisplatin
administration, which suggests that IL-10 may decrease neuroinflammation. In another
preclinical study,% IL-4 receptor knockout mice showed upregulation of pro-inflammatory
mediators. Furthermore, cytokine signaling in the periphery is transmitted to the central
terminals of the nociceptors and the brain.28 As a result, pro-inflammatory cytokines activate
microglia that contributes to the development and maintenance of central sensitization.39.93
For example, following sciatic nerve chronic constriction injury, differentially perturbed
cytokine-cytokine receptor interaction pathways were found in dorsal horn tissues.13

Chemokine Signaling Pathway

Chemokines are chemotactic cytokines that control the movement of circulating peripheral
immune cells (e.g., T lymphocytes, natural killer cells, B cells, dendritic cells) by mediating
cell-to-cell communication.3* In addition, they activate G-protein-coupled receptors,10:28
The chemokine (C-X-C motif) ligand-(CXCL) receptor pair serves as a mediator for glia-
neuron communication®1:9° that when activated leads to persistent hyperexcitability and
neuroplasticity in peripheral nociceptors.28 Subsequently, this chemokine signaling alters
nociceptive transduction through activation of chemokine receptors in dorsal root ganglia
(DRG) cells.*” As noted in one review of rodent models of neuropathic pain,8 upregulation

J Pain. Author manuscript; available in PMC 2024 June 19.
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of the expression of C-C motif chemokine ligand 2 (CCL2) and its receptor (CCR2) in
DRG neurons was identified. In addition, in another preclinical study of autologous nucleus
pulposus-induced pain,® increases in chemokine CCL2/CCR2 signaling in DRG and spinal
cord were associated with the maintenance of lumbar disc herniation-induced pain. Of note,
the administration of CCR2 antagonist decrease mechanical allodynia.

Additional preclinical studies provide evidence that chemokines and their receptors play a
crucial role in cancer pain,51:62.89 visceral pain,* and inflammatory pain.11:88 For example,
chemokines appear to be involved in the regulation of neuronal excitability, neurotransmitter
release, and neuronal survival®* by enhancing the activity of the N-methyl-D-aspartate
(NMDA) receptors in dorsal horn neurons.28 In a recent preclinical study of inflammatory
pain,12 CXCL1/CXCR2 signaling induced an enhancement of NMDA-induced currents in
spinal cord neurons. The authors suggested that CXCL1/CXCR2 drives hyperactivity of
NMDA receptors, which in turn mediates persistent inflammatory pain through the induction
and maintenance of central sensitization.12

Janus Kinase-signal Transducer and Activator of Transcription (JAK-STAT) Signaling

Pathway

As noted in one review on the association between the JAK-STAT signaling pathway

and pain, 10 this pathway is involved in both pro-and anti-nociceptive mechanisms through
numerous inflammatory responses. For example, IL-6 binding to the IL-6 receptor induces
the activation of the JAK-STAT transduction pathway.>* Phosphorylated JAK1 and 2 and
STAT3 are translocated to the nucleus, leading to the expression of target genes and an
increase in the release of proinflammatory cytokines.5®92 In contrast, IL-4 binding to the
IL-4 receptor results in the activation of JAKs 1 and 3 and consequently STAT6, which

in turn leads to the inhibition of the production of proinflammatory cytokines.10 In fact, a
JAK-STAT inhibitor was approved by Food and Drug Administration and is used to treat
rheumatoid arthritis.31 Given the positive findings across other studies,248:65 the use of a
JAK-STAT inhibitor may warrant investigation in oncology patients with severe pain.

Calcium Signaling Pathway

Primary afferent neurons express multiple types of voltage-gated calcium channels
(VGCCs), including N- and T-type channels.® Calcium signaling mediated by these VGCCs
is involved in the development and maintenance of chronic pain, including neuropathicg
and inflammatory’3 pain, through the induction of a multifaceted cascade of signaling
molecules.30 This calcium signaling-related cascade begins with an influx of calcium ions
into the post-synaptic neuron through NMDA and a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptors for glutamate and/or VGCCs.8 Subsequently, modulation
of the ion channel pool induces sensitization and hyperexcitability of sensory neurons by
releasing glutamate, an excitatory neurotransmitter at central nerve endings.30-50

Of note, several preclinical studies suggest that N-type calcium channel (Cav2.2) knockout
mice have attenuation of inflammatory and neuropathic pain.®® Upregulation of N-type
calcium channels in rat DRG neurons was associated with neuropathic pain.#6:°1 In addition,
the deletion of the T-type calcium channel genes (e.g., Cav3.2) in rats was associated

J Pain. Author manuscript; available in PMC 2024 June 19.
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with major antinociceptive effects.”1> L-type calcium channels (Cav1.2 and Cav1.3) are
primarily located on post-synaptic channels that are involved in dorsal horn hyperexcitability
and short- and long-term neuronal plasticity.5® As demonstrated in a preclinical study,56
L-type calcium channels contribute to the integration of afferent inputs and the maintenance
of hyperexcitability in DRG neurons by controlling plateau potentials.

Retrograde Endocannabinoid Signaling Pathway

Retrograde endocannabinoid signaling is implicated in several forms of short- and long-
term synaptic plasticity.® The endocannabinoid system includes cannabinoid receptor
subtypes 1 (CB1) and 2 (CB2), as well as their ligands, namely endocannabinoids.®

The endocannabinoids synthesized in response to activation of post-synaptic metabotropic
glutamate receptors (mGIuRs) travel retrogradely to bind CB1 receptors and impede
neurotransmitter release through inhibition of presynaptic VGCCs.38 In addition, retrograde
endocannabinoid signaling decreases presynaptic neurotransmitter release and balances
glutamate/GABAergic transmission.38 Interestingly, while CB2 receptors are not found in
the healthy brain, upregulation of CB2 receptors on microglia appears to be induced by
neuroinflammatory processes.38 Therefore, increased endocannabinoid signaling may be
associated with anti-inflammatory and neuroprotective phenotypes in microglia that suggests
the therapeutic potential of targeting CB1 or CB2 receptors.23

Strengths and Limitations—While some limitations warrant consideration in that
detailed information on the causes of cancer pain and analgesic use were not available

for our patients, this study had a relatively large sample size and used LPA to identify
distinct pain profiles. In addition, our sample represents the clinical reality in that oncology
patients experience cancer and/or non-cancer pain. Additional strengths of this study include
the performance of rigorous quality controls; utilization of two complementary methods

to measure gene expression; the provision of results from independent tests across two
samples; and the use of strict criteria for the selection of the perturbed neuroinflammatory
pathways.

Conclusions

Our findings suggest that neuroimmune interactions are involved in the maintenance of
chronic pain conditions in patients with cancer who are receiving chemotherapy. Our
findings provide new evidence for potential therapeutic targets for the management of
moderate to severe pain in oncology patients receiving chemotherapy. However, while no
differences in cancer types and toxicity of the chemotherapy regimens was found between
the None and Severe classes, additional research is warranted on the potential effects of
the underlying tumor biology. Given that a growing body of evidence suggests a role for
interactions between neuroimmune and endocrine systems in the maintenance of chronic
pain, our subsequent study will evaluate for associations between pain in oncology patients
receiving chemotherapy and perturbations in endocrine pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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