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gene expression and immune cells in chronic
headache patients
Lisa Gfrerer,1,2 Wenjie Xu,3 William Austen Jr,1,2 Sait Ashina,2,4
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Occipital headache, the perception of pain in the back of the head, is commonly described by patients diagnosedwith
migraine, tension-type headache, and occipital neuralgia. The greater and lesser occipital nerves play central role in
the pathophysiology of occipital headache. In the clinical setup, such headaches are often treated with
onabotulinumtoxinA, a neurotoxin capable of disrupting ability of nociceptors to get activated and/or release proin-
flammatory neuropeptides. Attempting to understand better onabotulinumtoxinAmechanism of action in reducing
headache frequency, we sought to determine its effects on expression of inflammatory genes in injected occipital tis-
sues.
To achieve this goal, we injected 40 units of onabotulinumtoxinA into four muscle groups (occipitalis, splenius capi-
tis, semispinalis capitis, and trapeziusmuscles—all located on one side of the occiput) of patients with chronic bilat-
eral occipital headache scheduled for occipital nerve decompression surgery 1month later. At the time of surgery, we
collected discardedmuscle, fascia and periosteum tissues from respective locations on both sides of the neck and oc-
ciput and performed targeted transcriptome analyses to determine expression level of inflammatory genes in
onabotulinumtoxinA-injected and onabotulinumA-uninjected tissues.
We found that (i) onabotulinumtoxinA alters expression of inflammatory genes largely in periosteum, minimally
in muscle and not at all in fascia; (ii) expression of inflammatory genes in uninjected periosteum and muscle is
significantly higher in historical onabotulinumA responders than historical non-responders; (iii) in historical respon-
ders’ periosteum, onabotulinumA decreases expression of nearly all significantly altered genes, gene sets that define
well recognized inflammatory pathways (e.g. pathways involved in adaptive/innate immune response, lymphocyte
activation, and cytokine, chemokine, NF-kB, TNF and interferon signalling), and abundance of 12 different immune
cell classes (e.g. neutrophils, macrophages, cytotoxic T-, NK-, Th1-, B- and dendritic-cells), whereas in historical
non-responders it increases gene expression but to a level that is nearly identical to the level observed in the
uninjected periosteum and muscle of historical responders; and surprisingly (iv) that the anti-inflammatory effects
of onabotulinumA are far less apparent in muscles and absent in fascia.
These findings suggest that in historical responders’ periosteum—but not muscle or fascia—inflammation contri-
butes to the pathophysiology of occipital headache, and that further consideration should be given to the possibility
that onabotulinumAmechanism of action inmigraine prevention could also be achieved through its ability to reduce
pre-existing inflammation, likely through localized interaction that lead to reduction in abundance of immune cells
in the calvarial periosteum.
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Introduction
Occipital headache, the perception of pain in the back of the head,
is commonly described by patients diagnosed with migraine,1

tension-type headache,2 occipital neuralgia3 and whiplash injury.4

It is often accompanied by tenderness in posterior neckmuscles, al-
lodynia affecting the back of the head, and the perception of pain
outside and inside the occipital bone.5 Relevant to the current
study, headache in the occipital region is frequently the first sign
of a commencing migraine or migraine-like headache that over
time (minutes or hours) canmigrate frontally to involve the perior-
bital and temporal regions of the head.6,7

Recent anatomical findings suggest that axons of C2 andC3 dorsal
root ganglion cells that make up the greater and lesser occipital
nerves and carry sensory and nociceptive signals from muscles of
neck, occipital periosteum, scalp and dura overlying the cerebellum
and occipital cortex may play central role in the pathophysiology of
occipital headache, occipital allodynia and neck muscle tenderness.8

Following a traditional neural path, this knowledge had paved
the way to attempts to prevent/reduce occurrence of migraine
and migraine-like headache using procedures such as occipital
nerve blocks,9 occipital nerve stimulation,10 occipital nerve decom-
pression surgeries,11 radiofrequency lesions of C2-3 dorsal root
ganglia,12 and local injections of onabotulinumtoxinA (onabotA)13

that disrupt the ability of sensory nerves in the occipital region to
transmit nociceptive signals to the spinal trigeminal nucleus.
Given the peripheral nature of these interventions and current un-
derstanding of onabotA ability to block release of presynaptic vesi-
cles and attenuate receptors insertion into the synaptic
membrane,14,15 it is not surprising that until now, all effort to ex-
plain the mechanism by which onabotA reduces migraine fre-
quency, has focused on its ability to interfere with proper
synaptic detection of nociceptive stimuli and their transmission
along sensory nerves of the calvaria, as well as its ability to relax
cranial and pericranial muscles by blocking acetylcholine release
at the neuromuscular synapse.16

While much progress has been made in understanding the
neural mechanism by which extracranial injections of onabotA
can interfere with the detection and transmission of nociceptive
signals by trigeminal and cervical nerves endings whose role inmi-
graine headache is widely recognized, it is also imperative to note
that sensory neurons andnociceptors play a variety of roles in regu-
lating immune and inflammatory responses.17,18 Seeking to widen

the scope of scientific thinking about the mechanism by which
onabotA prevents migraine, we hypothesized that extracranial in-
jections of this neurotoxin may affect inflammatory processes in
injected tissues. The pursue of this novel and less traditional ‘in-
flammatory’ path, follows a recent study showing that expression
of key proinflammatory genes is increased in the occipital perios-
teum of chronic migraine patients whose headaches begin in the
back of the head, as compared to subjects with no history of head-
ache.5 Based on that study, and on the effectiveness of anti-
inflammatory drugs in the acute treatment of migraine attacks19,20

and in delaying progression from episodic to chronic state,21–23 we
sought to determine levels of expression of inflammatory genes,
strength of inflammatory pathways, and relative density of im-
mune/inflammatory cells in respective onabotA/injected and
onabotA/uninjected periosteum, muscle and fascia tissues of the
posterior neck and occiput of patients whose headache involves
both sides of the occiput.

Materials and methods
This study was designed to evaluate whether treatment with
onabotA was associated with modulation of inflammatory genes.
It is worth noting that this was not a full genome analysis rather re-
stricted to the genes on the nanostring inflammatory panel.We de-
signed this study in patients with headache who were scheduled
for a surgical procedure and thus provided an opportunity to pre-
treat with onabotA systematically, in a controlled setting.
Consequently, the initial analyses plan was to evaluate inflamma-
tory gene findings associated with treatment. A subsequent ana-
lyses was performed to integrogate whether gene findings were
associated with clinical characteristiscs in this patient population.

All aspects of this study were carried out in compliance with the
1983 revision of the 1975 Helsinki Declaration, and according to the
clinical ethical standards of Beth Israel Deaconess medical center
(2016-C-00612) and Massachusetts General Hospital (2017-P-00183)
Committees on Clinical Investigation on Human Experimentation.

Participants

Included in the studywere (i) patients experiencing bilateral occipi-
tal headache with migrainosus features; (ii) who deemed to be ap-
propriate candidates for an occipital nerve decompression surgery;
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and (iii) fulfil protocol criteria for treatmentwith onabotA prior to sur-
gery. Those deemed appropriate candidates for the surgery were pre-
sented with an option to hear about the study and sign the informed
consent. Criteria for selecting patients for the nerve decompression
surgery included: (i) diagnosis of chronic bilateral occipital headache
with and without migraine symptoms; (ii) headache and pain that
correspond to the anatomical distribution of the greater occipital
nerve (GON); and (iii) refraining from taking medication that affect
blood clotting processes [such as non-steroidal anti-inflammatory
drugs (NSAIDs)] for 7–10 days before surgery. Excluded from the study
were patients,18 years of age, patients withmedical conditions that
increase risk of anaesthesia and thosewhowere pregnant or trying to
becomepregnantwithin the timeframeof the study, and patients un-
able or unwilling to give written informed consent.

Tissue collection and preparation

The tissue biopsies were taken by the study surgeon (W.G.A.).
During GON decompression, a midline incision was made in the
hair bearing scalp distal to the occipital protuberance. Tissues com-
pressing the GON were removed including the trapezius fascia,
semispinalis capitis muscle, and occipital periosteum (Fig. 1). The
most superficial layer that was biopsied was the trapezius fascia
directly overlying the GON nerve. The trapezius fascia is a distinct
layer of white tissue that surrounds the trapezius muscle in its en-
tirety. Fascia is usually a thin and pliable layer of white connective
tissue. However, as shown by Gfrerer et al.,24 in patients who pre-
sent for surgery with a diagnosis of occipital neuralgia, and/or
chronic migraine and/or chronic headache, the fascia is thickened
and fibrotic. In patients with thickened trapezius fascia, the white
colour still allows distinction of fascia from red muscle fibres.
Based on histologic staining, small nerve fibres, vessels and muscle
fibres can be present in fibrotic trapezius fascia. The next type of tis-
sue that was biopsied was the semispinalis capitis muscle. The
semispinalis capitis muscle lies deep to the trapezius muscle and
trapezius fascia and has vertical muscle fibres as compared to the
trapeziusmuscle that has diagonalmusclefibres. This allows for dif-
ferentiation of both muscles. The semispinalis capitis muscle ap-
peared normal in all patients, which is consistent with prior
findings.24 The semispinalis capitis muscle was harvested at the
exit point of the GON as the nerve emerges from the muscle. The
deepest tissue type thatwas harvestedwas the occipital periosteum
that lies directly under the GON overlying the occipital bone at the
nuchal ridge. The periosteum is a shiny white layer of tissue that
surrounds the occipital bone and that is well vascularized. This tis-
sue appeared macroscopically normal in all patients. All tissues
were harvested sharply with a knife and immediately placed in
Storage solution. Collected tissues were stored in RNAlater and
snap frozen in liquid nitrogen immediately after removal from the
body. Outside the operating room, tissues were stored at−80°C until
processing. Frozen tissues were homogenized using automated cell
homogenizer for extraction of RNA. RNAwas extracted using a total
RNA preparation kit from Qiagen Biotechnology Company. RNA
quantity and quality (i.e. percentage of fragments longer than
200 bp) were determined using Agilent Bioanalyzer. Only high-
quality RNA (distribution value 200 or higher) was used for the tran-
scriptome profiling.

NanoString gene expression analysis

NanoString technologies were used for the targeted transcriptome
profiling. NanoString is a polymerase-free and amplification-free

nucleic acid quantification platform based on hybridization chemis-
try. The method involves mixing RNA with pairs of capture and re-
porter probes tailored to each gene, hybridizing, washing away
excess probes, immobilizing probe-bound genes on a surface, and
scanning colour-coded bar tags on the reporter probes to calculate
expression level or copies of target genes in solution. This solution-
phase hybridization results in minimizing background signal and
improving detection of low-abundance genes (,1 mRNA per cell).

Approximately 100 ngof total RNAextracted from frozen tissues
were hybridized to the NanoString™ Human Inflammation panel
(579 genes related to inflammation and immune responses) at
65°C overnight. Hybridized samples were processed on an nCounter
prep station and data collected on an nCounter digital analyser
(NanoString™), following manufacturer’s instructions. Raw data
were imported into nSolver4.0 (NanoString™) for data quality
check, background thresholding and normalization. Background
level was determined by mean counts of eight negative control
probes plus 2 standard deviation (SD). Samples that contain ,50%
of probes above background, or that have imaging or positive con-
trol linearity flags, were excluded from further analysis. Probes
that have raw counts below background in all sample groups
were excluded from differential expression analysis to avoid false

Figure 1 Locations of onabotA injections and biopsies collection. (A)
Anatomical illustration of eight unilateral locations at which onabotA
was injected (5 units/site), and six bilateral locations at which perios-
teum, muscle and facia biopsies were collected. (B and C)
Photomicrographs depicting sites of biopsies collections in the trapezius
facia, semispinalis muscle and occipital periosteum.
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positive results. Advanced Analysis package2.0 (NanoString™) was
used for statistical analysis. Briefly, raw data were first normalized
by geometric mean of housekeeping genes. Samples with normal-
ization factor.3 or housekeeping genemean square error.0.5 (in-
dicating insufficient or degraded RNA input) were excluded from
analysis. Qualified samples were grouped based on tissue types
and treatments. Differential expression (DE), gene set analysis
(GSA) and cell type profiling analyses were performed among
groupswithmatched tissue types and/or treatments.25,26 All statis-
tical analyses on NanoString data were performed on log2 trans-
formed normalized counts.

Statistical analyses

Prior to conducting the analyses, the assumptions underlying the stat-
istical approacheswere evaluatedwith histogramsanddescriptive sta-
tistics. Because the gene expression profiles exhibited substantial
variability andpositive skew, the logof thevalueswereused in the stat-
isticalmodelling.A linearmixedeffectsmodelwas conducted to exam-
ine differences in gene expression while accommodating the two
sources of repeatedmeasureswithin individuals: side (i.e. injected ver-
sus uninjected side) and inflammatory genes (i.e. 579 genes for each
side). Tomodel the sources of variation, a random intercept was speci-
fied at the level of individual and gene. Fixed-effects were specified as
main effects for responder (i.e. responder versus non-responder),
injection-side (injected versus uninjected side), and the interaction
between responder and injection-side (i.e. responder× side). To facili-
tate interpretation, descriptive statistics are presented in the original
mRNA units using median (25th, 75th) while effect sizes are reported
as the ratio of the geometric means using per cent change. The mod-
els were conducted using the ‘lme4’ package in R4.0 and R-Studio.
Where appropriate, all analyses are two-tailed with P,0.05 denoted
for statistical significance.

Data availability

The data that support the findings of this study are available from
the corresponding author, upon reasonable request.

Results
Participants

Included in the study were patients with bilateral occipital head-
achewithmigrainous features, whowere deemed to be appropriate
candidates for an occipital nerve decompression surgery.

Experimental protocol

After signing the informed consent, participants filled a migraine
surgery screening form and a headache questionnaire. Those
deemed appropriate candidates, received eight injections of
onabotA (40 units total) in anatomical areas involved in the nerve
decompression surgeries. These areas include: occipitalis (two in-
jections, five units each), splenius capitis (two injections, five units
each), semispinalis capitis (two injections, five units each) and tra-
pezius muscle groups (two injections, five units each) in only one
side of the occiput (Fig. 1). In all but one case (Patient 18), injections
were made on the right side. Thirty days later, participants were
scheduled to undergo bilateral GON decompression surgery using
a standard midline incision approach, as previously described.27

Discarded tissues containing the semispinalis capitis muscle, tra-
pezius fascia and occipital periosteum were collected from

onabotA/injected and onabotA/uninjected sides of each participant
(to ensure that each serves as her/his own control), processed and
analysed for expression of inflammatory genes using the
NanoString technologies.

Demographics and responses to onabotA

Demographics, headache history, frequency and characteristics of the
18 patients are shown in Table 1. Patients were 21 to 74 years old,
with an average of 19 years of headache and about 25 headache days
per month. Most (61%) had a family history of migraine and all but
two fulfilled criteria of migraine or historical migraine based on
International Classification of Headache Disorders (third edition). All
18 patients presented with bilateral occipital headache and 78% re-
ported occipital allodynia. Based on participants’ responses to ques-
tions regarding their experience with onabotA therapy in years
leading to the surgery (provided in their Initial Visit Form—Headache
History Questionnaire, Migraine Surgery Screening, review of clinical
notes in their online medical record, or routine post-surgery follow
up phone calls) theywere divided into thosewho self-reported a clinic-
ally relevant reduction in frequencywithonabotA treatment in thepast
(historical responders) and those self-reported never having had a clin-
ically relevant reduction in frequency with onabotA treatment (histor-
ical non-responder); this group included one patient (Patient 11) whose
headache severity (but not frequncey) decreased, but not to the extent
that it was clinically relevant. As shown in Table 1, headache/migraine
history and characteristics were similar between those who found
onabotA helpful (marked historical responders in the absence of daily
headache diaries) and those who found onabotA unhelpful (marked
historical non-responder).

Exploratory gene expression analysis

One hundred and eight processed samples (18 periosteums, 18
muscles and 18 fascias obtained from injected sides and 18 perios-
teums,18 muscles and 18 fascias obtained from uninjected sides of
the same patients) yielded sufficient RNA for multiplexed gene ex-
pression analysis with a panel of 579 inflammation related genes.
Our initial high-level exploratory analyses [Fig. 2A (unsupervised
clustering of all genes) and Fig. 2B (principal components analysis)]
indicate that the gene expression profiles were predominantly seg-
regated by tissue types (periosteum,muscle and fascia) rather than
by treatment (injected versus uninjected). Differential expression
analysis between the treatment groups using all 108 samples
(Fig. 2C) revealed only one gene that was differentially expressed
between the injected and uninjected samples. In contrast, tissue
specific analysis of differential expression patterns induced by
injection of onabotA (paired analyses of injected and uninjected
periosteum, muscle and fascia) yielded significant treatment effect
differences in the periosteum [where expression of 45/47 geneswas
significantly higher in the injected thanuninjected side, i.e. had un-
adjusted P-value, 0.01 and log2 fold change (log2FC).0.5; Fig. 2D],
andmuscle (where expression of 4/6 genes was significantly lower,
and expression of 2/6 genes was significantly higher in the injected
than uninjected side, unadjusted P-value, 0.01 and log2FC. 0.5;
Fig. 2E), and no significant differences in the fascia (where no genes
have unadjusted P-value, 0.01 and log2FC. 0.5; Fig. 2F).

Gene expression analysis based on direction and
extent of their alteration by onabotA

Focusing on the periosteum, an initial analysis done by a biostatisti-
cian who was blinded to patient identity, to any of the data
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presented in Table 1, and most importantly to whether they were
historical responders or historical non-responders, identified 37
genes whose expression levels were altered (log2FC.0.5, excluding
genes with low signals) by the onabotA treatment in at least 50% of
the patients. An algorithm sorted patients based on the direction
and extent of how these 37 geneswere altered (Fig. 3). Of the ninepa-
tients whose gene expression was nearly universally upregulated
(e.g.NOD2, IRF4, TLR2, CXCL1, CCL5, IL2RB), eightwere historical non-
responders and one (Patient 9) never tried onabotA therapys
(Fig. 3, left nine columns).Of the eight patientswhose geneexpression
was nearly universally downregulated (e.g. CD45RA, CCL5, IL18RAP,
NOD2), sevenwerehistorical responders (they are presented in the se-
ven right columns) and one (Patient 21) was historical non-responder.
In only one case (Patient 13 who never tried onabotA therapy), some
genes were upregulated and others downregulated.

Baseline gene expression in historical responders
and historical non-responders

We used the uninjected side samples to see if there is a baseline
gene expression profile difference between the seven historical
onabotA/responders and nine historical onabotA/non-

responders (Fig. 4). Counting the total number of mRNA copies
of all 579 pro-inflammatory genes of these participants showed
that in the periosteum, their mean number in each historical
responder is higher than in each historical non-responder by
95 279 copies, in the muscle by 9000 copies whereas in the fascia
it is lower by 25 156 copies. Statistically (linear mixed-effect
model), differences in baseline expression of inflammatory
genes in the historical non-responders was significant in the
periosteum [B=0.58 (95% confidence interval, CI: 0.36 to 0.93),
P=0.015], and non-significant in the muscle [B=0.88 (95%CI:
0.72 to 1.09), P=0.419], and fascia [B=1.44 (95%CI: 0.83 to 2.50),
P=0.3] (Fig. 4A–C). Genes whose expression differed by .2-fold
(P,0.01) are shown in Fig. 4D–F.

OnabotA effects on gene expression in historical
responders and historical non-responders

Periosteum

Differential gene expression analyses of treatment effect showed
that onabotA injections had large effect in the periosteum.
Compared to uninjected periosteum, inflammatory genes are

Figure 2 High-level exploratory gene expression analysis of injected and uninjected periosteum,muscle and fascia tissues. (A) Unsupervised cluster-
ing of all 579 genes found in injected (I) and uninjected (U) periosteum (yellow), muscle (purple) and fascia (blue) of all 18 patients. (B) Principal com-
ponent analysis indicating that the gene expression profiles are predominantly segregated by tissue types (periosteum,muscle and fascia) rather than
treatment (injected versus uninjected). (C) Volcano plots displaying differential gene expression analysis between onabotA injected and onabotA un-
injected tissues using all 108 samples. (D–F) Tissue specific analysis of differential gene expression in injected and uninjected periosteum,muscle and
fascia. Note significant treatment effect in periosteum and to a lesser extent inmuscle (where expression of some genes had unadjusted P-value,0.01
and log2FC.0.5), but not in the fascia (where 0 genes have unadjusted P-value, 0.01 and log2FC. 0.5).
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nearly unanimously downregulated in injected periosteums of his-
torical responders, and nearly uniformly upregulated in the in-
jected periosteums of historical non-responders [Fig. 5A(i–iv)]. Of
the 80 significantly (P,0.01) altered genes among the historical re-
sponders, 77 were downregulate and three were upregulated
.2-fold [Fig. 5A(i)], whereas of all significantly (P, 0.01) altered
genes among the historical non-responders, nearly 205 were upre-
gulate and only 10 were downregulated .2-fold [Fig. 5A(ii)].
Attempting to understand better the biological significanceof the in-
creased gene expression in the injected side of the historical non-
responders, we also examined differences in gene expression while
accommodating the two sources of repeatedmeasures (side and the
579 genes)within individuals. A linearmixed-effectsmodel revealed
amain effect for injected side [F(1,20246)=35.5, P, 0.0001], nomain
effect for historical responder [F(1,16)=0.01, P= 0.917], but an in-
jected side×historical responder interaction [F(1,20246)=3494.4,
P,0.0001] [Fig. 5D(i) and Suplementary Table 1]. The interaction
was primarily driven by the increased gene expression in the in-
jected side of the historical non-responders [Fig. 5A(iii)], which is
80% higher than the uninjected side [B= 1.80 (95%CI: 1.75 to 1.85),
P,0.0001] but is nearly identical (difference ,3.4%) to the unin-
jected side of the historical responders [B=1.03 (95%CI: 0.64 to 1.67),
P= 0.998] [Fig. 5A(iv)], which is significantly higher (by 61%) than the
injected side in this group [B= 1.61 (95%CI: 1.56 to 1.67), P, 0.0001].

Muscles

Differential gene expression analyses of treatment effect showed
that onabotA injections had minimal effect in muscles. Of the six
significantly (P, 0.01) altered genes among the historical respon-
ders, all were downregulate and none was upregulated .2-fold
[Fig. 5B(i)], whereas of all significantly (P,0.01) altered genes

among the historical non-responders, 10were upregulate and three
were downregulated .2-fold [Fig. 5B(ii)]. A linear mixed-effects
model yielded a main effect for injected side [F(1,20 246)= 90.3,
P,0.0001], no main effect for responder [F(1,16)=0.15, P=0.70],
but an injected side× responder interaction [F(1,20 246)=211.6,
P,0.0001] [Fig. 5D(ii) and Supplementary Table 1]. The interaction
was primarily driven by the small gene expression increase in the
injected side of the historical non-responders, which is only 3%
higher than the uninjected side [B= 1.03 (95%CI: 1.01 to 1.05),
P,0.0005]; and nearly identical (difference ,9.0%) to the unin-
jected side of the historical responders [B= 0.91 (95%CI: 0.74 to 1.12),
P=0.66], which is significantly higher (by 15%) than the injected
side in this group [B=1.85 (95%CI: 0.83 to 0.88), P, 0.0001]
[Fig. 5B(iii–iv), D(ii) and Supplementary Table 1].

Fascia

Differential gene expression analyses of treatment effect showed
that onabotA injections did not alter the expression of inflamma-
tory genes significantly (P,0.01) in historical responders
[Fig. 5C(i)] or historical non-responders [Fig. 5C(ii)], and that this
lack of treatment effect was also seen in the overall analysis of all
579 genes [Fig. 5C(iii–iv), D(iii) and Supplementary Table 1]. As
onabotA injections altered gene expression in periosteum and
muscle but not fascia, pathways analysis included periosteum
and muscle only.

Gene set analysis and pathway scores

Gene set analysis

A gene set is defined as genes involved in the same cellular function
or pathways. The inflammation panel include 32 predefined gene

Figure 3 Patient sorting based on the direction and extent of genes whose expression level was increased or decreased more than 1.5-fold (log2FC.

0.5) in at least 50% of the cases. Patient ID numbers correspond to their ID number in Table 1.

2442 | BRAIN 2022: 145; 2436–2449 Gfrerer et al.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab461#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab461#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab461#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab461#supplementary-data


sets/pathways centered around inflammatory responses. The glo-
bal significance scores are an average of the significance measures
across all genes in the pathways.26 By using undirected and direc-
ted global significance score to respectively quantify the mean
change of expression for each gene set (regardless of up- or down-
regulation) and the direction of regulation, we noted that in histor-
ical responders’ periosteum, onabotA injections resulted in robust
and significant downregulation of gene sets that regulate well-
defined inflammatory pathways such as cytokine signalling,
lymphocyte activation, innate immune response, TNF family signal-
ling, NF-kB signalling, and TLR signalling (Fig. 6A and
Supplementary Figs 1 and 3A), whereas in historical non-
responders, onabotA injections upregulated these gene sets
(Supplementary Figs 1 and 3A). A similar analysis of onabotA effects
on muscle tissue revealed much smaller, but nonetheless unidirec-
tional down-regulatory effects in historical responders (Fig. 6D and
Supplementary Figs 2 and 3B), and amixed bi-directional (lack of) ef-
fect in historical non-responders (Supplementary Fig. 3B)

Baseline pathway scores in historical responders and
historical non-responders

Pathway analysis of differentially expressed genes in correspond-
ing uninjected tissues obtained from the seven onabotA historical
responders and nine onabotA historical non-responders identified
29 inflammatory pathways whose scores were higher in the perios-
teum (Fig. 6B) and 27 such pathways inmuscle (Fig. 6E) of historical
responders thanhistorical non-responders, and only twopathways
whose scores were lower (all in muscle tissue).

Pathway scores impacted by onabotA treatment

All pathway scores were lower in the injected than uninjected peri-
osteum of historical responders (Fig. 6C) and higher in the injected
than uninjected periosteum of historical non-responders
(Supplementary Figs 1 and 3A). In the muscle, treatment effects
were minimal at most (Fig. 6F and Supplementary Figs 2 and 3B),
suggesting negligible effect of onabotA in this tissue. As onabotA

Figure 4 Baseline gene expression profile in historical onabotA/responders and historical onabotA/non-responders. (A–C) Box plot illustrating me-
dian, 95%CI, interquartile range (25th–75th percentile; lower andupper box boundaries) andobservations belowandabove the 25th and 75th percentile
of themean number ofmRNA copies of each of the 579 genes counted in the uninjected periosteum,muscle and fascia tissues of the historical respon-
ders and historical non-responders. (D–F) Volcano plot displaying each gene’s −log10(P-value) and log2FC in uninjected responders versus uninjected
non-responders. Highly statistically significant genes fall at the top of the plot above the horizontal lines, and highly differentially expressed genes fall
to either side (red dots=higher expression; green dots= lower expression).
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Figure 5 Treatment effect on gene expression in historical responders and historical non-responders. Volcano plots illustrate differential expression
of genes in injected versus uninjected periosteum [A(i–ii)], muscle [B(i–ii)] and fascia [C(i–ii)] of historical responders [A(i), B(i) and C(i)] and historical
non-responders [A(ii), B(ii) and C(ii)]. Highly statistically significant genes fall at the top of the plot above the horizontal lines, and highly differentially
expressed genes fall to either side (red dots=higher expression, green dots= lower expression). Box plots illustratemedian, 95%CI, interquartile range
(25th–75th percentile; lower and upper box boundaries) and observations below and above the 25th and 75th percentile of the mean number of mRNA
copies of each of the 579 genes counted in the uninjected and injected periosteum [A(iii–iv)], muscle [B(iii–iv)] and fascia [C(iii–iv)] of non-responders
[A(iii), B(iii) and C(iii)] and responders [A(iv), B(iv) and C(iv)]. Linear mixed-effects models of source of variation in gene expression in historical

Continued
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injections altered inflammatory pathways in periosteum but not
muscle, analyses of cell type profiling included periosteum only.

Cell type profiling

We used a set of predefined cell type marker genes to calculate the
immune cell type abundance scores for all samples as previously
described.26 As with gene expression and pathways activation,
the baseline abundance (i.e. uninjected samples) of multiple in-
flammatory/immune cellswas higher in the periosteumof historic-
al responders than in the historical non-responders (Fig. 7A), and
their abundance was reduced in the injected periosteum of the his-
torical esponders (Fig. 7B) and elevated in the injected periosteum
of the historical non-responders (Fig. 7C). The affected immune
cells were T cells (exhausted CD8 cells, Th1 cells), NK cells,
B cells, neutrophils, macrophages and dendritic cells.

Discussion
Using targeted transcriptomeanalyses to determine levels of expres-
sion of inflammatory genes in respective onabotA/injected and
onabotA/uninjected periosteum, muscle and fascia in the posterior
neck and occiput of patients with bilateral occipital headache, we
found that (i) onabotAalters expression of inflammatory genes large-
ly in periosteum, minimally inmuscle and not at all in fascia; (ii) ex-
pression of inflammatory genes in uninjected periosteum and
muscle is significantly higher in historical onabotA responders
than historical non-responders, and significantly lower in historical
responders fascia; (iii) in historical responders’ periosteumandmus-
cle, onabotA decreases expression of nearly all significantly altered
inflammatory genes evaluatedwhereas in historical non-responders
it increases expression of these same genes but to a level that is near-
ly identical to the level observed in the uninjected periosteum and
muscle of the historical responders; and (iv) in historical responders’
periosteum (and to a far lesser extent muscles), onabotA treatment
leads to robust and significant downregulation of gene sets that de-
finewell recognized inflammatory pathways (e.g. pathways involved
in adaptive and innate immune response, lymphocyte activation,
and cytokine, chemokine, NF-kB, TNF, TLR and interferon signalling)
and 12 types of immune cells (e.g. neutrophils, macrophages, cyto-
toxic T-, NK-, Th1, B- and dendritic cells) whereas in historical non-
responders, treatment appears to increase activation level of these
pathways and abundance of cells—and as noted above, to a level
that is similar and inmany cases, just below the level seen in the un-
injected tissues of responders. We interpret the significantly higher
level of expression of inflammatory genes, activation level of the in-
flammatory pathways and abundance of immune cells in the histor-
ical responders (compared to the historical non-responders) as
suggesting that inflammation of the occipital periosteum, and to a

lesser extent occipital neck muscles, is likely to play a role in the
pathophysiology of their occipital headache. Conversely, we suggest
that inflammation is less likely to be involved in theheadachepatho-
physiology of the historical non-responders. We interpret the lower
expression of inflammatory genes, lower activation level of the in-
flammatory pathways and lower abundance of immune cells in the
injected (compared to the uninjected) tissues of the historical re-
sponders, as suggesting that if inflammation exists (as a pre-existing
condition), onabotA is capable of reducing it, possibly through
yet-unknown direct or indirect interactions with periosteal immune
cells. In the absence ofmore knowledge,we cannot explain the high-
er expressionof inflammatory genes in the injected (compared to the
uninjected) tissues of the historical non-responders—especially be-
cause it has not been reported in the literature that in those who
fail to benefit from this preventive therapy, onabotA injections ex-
acerbate the headache or make muscles hurt more 1 month after
treatment. Along this line, it is possible that such reactionmay occur
after some onabotA injection but goes unnoticeable for lack of asso-
ciation with clinical pain.

Evidence for high level of expression of inflammatory genes in
the occipital periosteum and to a far lesser degree in the muscle
of the historical responders group and low level of gene expression
in the periosteum and muscle of historical non-responders group,
suggests that periosteal inflammation may play a pivotal role in
the pathophysiology of some but not all migraine patients whose
headaches involve bilateral occipital headache. These findings
also bring attention to the possibility that a culprit of these head-
aches lays in the densly innervated periosteum rather than the
muscle, as previously suggested. Evidence for increased expression
of pro-inflammatory genes and decreased expression of anti-
inflammatory genes in the periosteumof suchpatients,5 lack of evi-
dence for muscle pathophysiology,28–31 and the fact that NSAIDs
help some but not all migraine patients32–35 support this view.

By far themost novel finding of this study is onabotA’s ability to
reduce expression of inflammatory genes, activation of inflamma-
tory pathways, and abundance of classical immune cells in the his-
torical responders group. Mechanistically, it suggests that the
prevention of migraine by onabotA may, in part, be achieved
through its ability to reduce inflammation via mechanisms that
are distinctly different than NSAIDs. This is consistent with the ob-
servation that onabotA decreases exocytosis of inflammatory and
excitatory neurotransmitters and peptides (i.e. substance P, CGRP)
from primary afferent nociceptors.36,37 In addition, in in vivo stud-
ies, onabotA inhibited 48/80-induced degranulation of both human
and murine mast cells, LL-37-induced skin erythema in mice, and
mRNA expression of rosacea biomarkers.38 In a rat model of
CFA-induced arthritis, intra-articular administration of onabotA
decreased expression of proinflammatory cytokines IL-1β and
TNF-α in synovial fluid. Furthermore, onabotA injection also led to

Figure 5 Continued
responders versus historical non-responders showing: [D(i)] Main effect in periosteum for injected side, nomain effect for historical responders, but an
injected side × historical responder interaction [F(1,20 246)=3494.4, P,0.0001] driven mainly by the increased gene expression in the injected side of
the historical non-responders which is 80% higher than the uninjected side, but is nearly identical (difference,3.4%) to the uninjected side of the his-
torical responders [B= 1.03 (95%CI: 0.64 to 1.67), P= 0.998]. [D(ii)] Main effect inmuscle for injected side, nomain effect for historical responders, but an
injected side×historical responder interaction [F(1,20 246)=211.6, P, 0.0001] driven by the small gene expression increase in the injected side of the
historical non-responders, which is only 3% higher than the uninjected side and nearly identical (difference,9.0%%) to the uninjected side of the his-
torical responders [B=0.91 (95%CI: 0.74 to 1.12), P=0.66]. [D(iii)] No main effect in fascia for injected side or historical responder, and no interaction
between them. Values for each tissue type are presented in the original mRNA units using least square means (SE) while effect sizes are reported
from the mixed model as the ratio of the geometric means. Note robust onabotA effects on periosteal gene expression, minimal effect on muscles
and no effect on fascia. Also note that onabotA decreased gene expression in historical responders’ and increased it in historical non-responders to
a level that was similar to the level of expression seen in the uninjected tissues of the historical responders. P-values and difference probability for
the level of response are shown in Supplementary Table 1.

OnabotulinumtoxinA and inflammation BRAIN 2022: 145; 2436–2449 | 2445

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab461#supplementary-data


Figure 6 Gene set analysis and pathway scores in historical responders (A–C) and historical non-responders (D–F). (A and D) Volcano plots displaying
onabotA effects on 4/32 representative predefined gene sets involved in inflammatory responses in historical onabotA/responders. Highly statistically
significant genes fall at the top of the plot above the horizontal lines, and highly differentially expressed genes fall to either side (left=downregulation,
right=upregulation). Horizontal lines indicate P-value thresholds. Genes are coloured if they belong to the selected gene set. The 40most statistically
significant genes are labelled in the plot. (B and E) Baseline pathway scores in historical responders and historical non-responders. Pathway are or-
iented such that increasing scores correspond to increasing expression of at least half the genes that define a pathway. Pathways colour codes are de-
picted in the inset in B. Note that in the uninjected periosteum (i.e. baseline), score values of all pathways are higher in the historical responders than
historical non-responders and the similar trend in themuscle. (C and F) Pathway scores impacted by onabotA injections. Note that in historical respon-
ders’ periosteum, onabotA decreases score values of all pathways whereas in the muscle, treatment effect is marginal.
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reduced cartilage degeneration and inflammatory cell infiltration.39

The demonstration of onabotA anti-inflammatory effects in animals
in which inflammation was first induced, support our clinical pro-
posal that periosteal inflammation may be a pre-existing condition
in patients with occipital headache, and that reducing the inflam-
mationwith onabotAmay contribute to successful prevention of oc-
cipital headache by onabotA—a conclusion supported by the high
expression of inflammatory genes in thehistorical responders group
and low expression in the historical non-responders.

As this is thefirst report of onabotA’s ability to reduce expression of
inflammatory genes, activation of inflammatory pathways and abun-
dance of immune cells in humans, no knowledge exists to allow
evidence-based discussion on the mechanism by which onabotA may
insert these anti-inflammatory effects. Given current understanding
of onabotA’s ability to cleave SNAP-25 and prevent docking, priming
and fusion of synaptic vesicles with the cell membrane,40 we can
only speculate that the down regulation of gene expression and inhib-
ition of pathway activation are secondary to the reduced abundance of
the immune cells that express the inflammatory genes (e.g. the.2-fold
decrese in expression of the Pro-Platelet Basic Protein coding gene, and
activation level of the chemokine signalling pathway it relates to, could
be secondary to the decreased population of neutrophils41). In the ab-
sence of evidence for onabotA ability to enter and eliminate immune
cells, it may be reasonable to suggest that the local reduction in abun-
dance of immune cells may be driven by the neurotoxin’s ability to
modulate nociceptors ability to release neuropeptides and chemo-
kines16 that attract immune cells42,43 in tissues that are heavily inner-
vated by nociceptors and contain large numbers of immune cells (e.g.
periosteum) but not in tissues that are poorly innervated (e.g. fascia)
or contain relatively small number of immune cells (e.g. tendons, liga-
ments,muscles). In raising this option, it must be noted thatmany cell
types secretemultiple chemoattractantswith distinctly different cellu-
lar signalling pathways that govern recruitment of immune cells (such
as neutrophils) to site of inflammation, and that the ‘decision’made by
these cells on which chemoattractant pathway to follow to reach their
end-target (and which chemoattractant to ignore) is organ-specific,

tissue-speciifc, and largely influenced by the type of inflammation
(e.g. bacterial, viral, sterile).44 For example, whereas neutrophil recruit-
ment to skin infected by S. pyogenes is suppressed by CGRP and facili-
tated by onabotA (presumably by blocking CGRP release from
cutaneousnociceptors),45 recruitmentofneutrophils to theperiosteum,
where the inflammatory condition is unlikely to involve bacteria, ap-
pears to be regulated by other chemoattractants.

In summary,whileonabotAmechanismsofaction inmigrainepre-
vention is known to involve its ability to block activation of unmyeli-
nated meningeal nociceptors by cortical spreading depression,46

inflammatory mediators,47 capsaicin and mustard oil48—effects that
are secondary to onabotA ability to inhibit SNARE-dependent regu-
lated exocytosis of proinflammatory andexcitatoryneurotransmitters
and neuropeptides—the current study raises the novel possibility that
onabotA may also reduce an elevated number of immune cells in the
periosteum of patients with occipital headache. Beyond this study,
onabotA’s ability to reduce abundance of immune cells such as neu-
trophils, macrophages, cytotoxic (CD8 T cells), Th1 (CD4+T cells),
NKcells and theTLR-regulatingCD45cells—all capableof releasing cy-
tokines such as IL1, IL6, TNFα, IFNγ, CXCL2, CXCL10, CXCL8, IL13, IL12
and IL2341,49–57—may have far-reaching implications to its use in the
treatment of other conditions associated with inflammation.
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