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Abstract

observed.

mechanisms in migraine pathogenesis.

Background The pathogenesis of migraine remains unclear; however, a large body of evidence supports the
hypothesis that immunological mechanisms play a key role. Therefore, we aimed to review current studies on altered
immunity in individuals with migraine during and outside attacks.

Methods We searched the PubMed database to investigate immunological changes in patients with migraine. We
then added other relevant articles on altered immunity in migraine to our search.

Results Database screening identified 1,102 articles, of which 41 were selected. We added another 104 relevant
articles. We found studies reporting elevated interictal levels of some proinflammatory cytokines, including IL-6

and TNF-a. Anti-inflammatory cytokines showed various findings, such as increased TGF-3 and decreased IL-10.
Other changes in humoral immunity included increased levels of chemokines, adhesion molecules, and matrix
metalloproteinases; activation of the complement system; and increased IgM and IgA. Changes in cellular immunity
included an increase in T helper cells, decreased cytotoxic T cells, decreased regulatory T cells, and an increase in

a subset of natural killer cells. A significant comorbidity of autoimmune and allergic diseases with migraine was

Conclusions Our review summarizes the findings regarding altered humoral and cellular immunological findings
in human migraine. We highlight the possible involvement of immunological mechanisms in the pathogenesis
of migraine. However, further studies are needed to expand our knowledge of the exact role of immunological
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Background

Neurogenic inflammation and neuroinflammation have
been implicated to play a key role in migraine patho-
genesis [1-4]. Defined as an acute, sterile inflamma-
tion, neurogenic inflammation occurs when nociceptive
fibers release neural mediators, leading to vasodilation
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and plasma extravasation [5, 6]. Both neurogenic inflam-
mation and neuroinflammation are mediated by immu-
nological processes, including the action of cytokines
and the involvement of immune cells [1]. Thus, a deeper
understanding of the immunological alterations in
migraine could shed light on the roles of neurogenic
inflammation and neuroinflammation in its mechanism.
This insight could also provide the groundwork for future
research into the pathogenesis of migraine.

Preclinical models have demonstrated activation
of the trigeminovascular system, which induces local
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neurogenic inflammation involving the meninges and
dural and pial vessels [7].

Nonsteroidal anti-inflammatory drugs reduce inflam-
mation and have been used effectively to treat migraine
attacks. Calcitonin gene-related peptide (CGRP) plays a
pivotal role in migraine pathogenesis and is involved in
host immune surveillance and immunomodulatory activ-
ities [8, 9]. Furthermore, significant changes in markers
related to immunity have been observed during the ictal
and interictal periods [10, 11]. In this review, we aimed
to scope the changes of immune-related markers in
migraine.

Methods

Search strategies and selection of articles

To identify articles on immunological changes in human
migraine, a systematic electronic search was conducted
using the PubMed database. This search followed the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines [12]. The search was carried
out on 23 December 2023, using the combination of
the keywords “migraine AND (immune OR immunity
OR cytokine OR lymphocyte)” We entered these search
terms as free text in PubMed and set no limits to avoid
excluding pertinent records.

Inclusion criteria for articles

Our selection included original cohort studies, clini-
cal trials, reviews, or systematic analyses. To qualify for
inclusion, papers had to meet the following criteria: pub-
lished up to December 2023, written in English, involve
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more than 20 human subjects with migraine, and mea-
sure or focus on specified immune substances of inter-
est. To capture the diverse dimensions in measuring
immune changes, we included quantitative, qualitative,
and mixed-method studies.

Selection process

The initial PubMed search yielded 1,102 records. Two
authors (WS Ha and MK Chu) reviewed these records
for relevance, ultimately selecting 41 for inclusion. Addi-
tional searches were performed using the reference lists
of the included studies, or fewer or wider search terms,
after which an additional 104 articles were included for
review. The eligibility of further relevant articles was
assessed through full-text screening independently by
both authors, with the final selection being made based
on a consensus between the two authors. In total, 145
articles were reviewed for this study (Fig. 1) [13].

Data collection and analysis

We recorded qualitative outcomes from the studies,
focusing on changes with statistical significance, in Excel
tables. Two authors independently extracted data into
this table from the pre-screened lists. Disagreements
were resolved through discussion, and the data-charting
form was iteratively updated to ensure comprehensive
accuracy. If episodic migraine (EM) and chronic migraine
(CM) were described separately, we referred to them as
EM and CM, respectively. If EM and CM were described
separately in the studies, they were described separately;
if not, they were described as migraine. Risk of bias was
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Fig. 1 PRISMA literature search flowchart. PRISMA, preferred reporting items for systematic reviews and meta-analyses
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assessed using the Newcastle—Ottawa Quality Assess-
ment Scale [14].

For each study, we collected qualitative changes in
immune-related markers during the interictal or ictal
period. Changes were categorized as increase, no change,
or decrease. Statistical significance was defined as two-
tailed p<0.05, unless otherwise specified. When papers
specified ictal or interictal periods for sampling, we
adhered to those indications; otherwise, we assumed an
interictal period. The change during the interictal period
was defined as a comparison of the measurements in the
patients with migraine with those in controls. The change
during the ictal period was defined as a comparison of
the measurements in the ictal period and the interictal
period within the patients with migraine. In addition, we
collected quantitative changes in immune-related mark-
ers by group if the study specified these measurements.
The measurement data included means and standard
deviation. If only measurements for subgroups were
reported, we calculated the mean and standard deviation
for the combined group. If only the standard error of the
mean was reported, we calculated the standard deviation
based on the number of samples [15]. Random effects
meta-analyses were performed for measures with five or
more studies, using the software RevMan 5 (Cochrane
Collaboration, London, United Kingdom).

Results

Humoral immunity

Cytokines

IL-1§ IL-1fB is an important mediator of the human
body’s response to infection, inflammation, and immu-
nological conditions. Twelve studies measured interictal
blood IL-1f levels, with seven reporting an increase in the
migraine group compared to that in controls [16-22], and
five studies reporting no significant difference [23-27].
Nine studies evaluated ictal blood levels of IL-1B and
showed mixed results: four studies reported elevated lev-
els [18, 21, 26, 28], and five studies reported no change
[20, 23, 24, 27, 29] (Table 1). The meta-analysis including
five studies on IL-1f levels at interictal periods found no
significant difference compared to that in controls, while
the analysis including five studies with IL-1(3 levels at ictal
periods found significant increases compared to those in
interictal periods (Supplementary Material S1).

IL-6 IL-6 is a major proinflammatory cytokine produced
at the site of inflammation and tissue damage by macro-
phages, T and B lymphocytes, eosinophils, basophils, and
various immune cells. Nineteen studies investigated the
interictal levels of IL-6 in individuals with migraine, with
mixed results: 11 studies reported increased levels [17—
21, 27, 30-34], six reported no change [16, 22, 24, 26, 35,
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36], and two showed decreased levels [23, 25]. Ictal levels
were reported in 11 studies, with increased levels in three
[18, 21, 27], no change in seven [20, 23, 26, 28, 30, 34, 36],
and decreased levels in one study [37]. The meta-analysis
including 14 studies on IL-6 levels at interictal periods
found significantly increased levels compared to controls,
while the analysis including nine studies at ictal periods
found no significant differences compared to those in
interictal periods (Supplementary Material S2).

TNF-a TNF-a is a proinflammatory cytokine with a pri-
mary role in the regulation of inflammation and is involved
in coagulation, lipid metabolism, and apoptosis. Twenty
studies investigated interictal blood levels of TNF-a and
revealed inconsistent results: levels were increased in
nine studies [17-19, 22, 25, 30, 38], there was no signifi-
cant change in 10 studies [16, 20, 23, 24, 27, 31, 35, 36, 39,
40], and TNF-a levels decreased in one study [26]. Twelve
studies investigated ictal changes and found mixed results:
an increase in three studies [18, 21, 26] and no change in
nine studies [20, 23, 27-30, 36, 40, 41]. The meta-analysis
including 12 studies on TNEF-a levels at interictal periods
found significantly increased levels compared to those in
controls, while the analysis including seven studies at ictal
periods found marginally increased levels compared to
those in interictal periods (Supplementary Material S3).

IL-4 IL-4 is an anti-inflammatory cytokine that induces
the proliferation and differentiation of T and B lympho-
cytes, regulates the functions of mast cells and macro-
phages, and inhibits the production of inflammatory
cytokines. Five studies measured IL-4 levels during the
interictal period: levels increased in two studies [22, 42],
were unchanged in two [26, 30], and decreased in one
[19]. Five studies reported ictal levels, with three report-
ing decreased levels [28, 37, 43] and two reporting no sig-
nificant differences [26, 30].

IL-10 IL-10 is an anti-inflammatory cytokine that inhib-
its the synthesis of proinflammatory cytokines and termi-
nates the inflammatory response. Eleven studies evalu-
ated interictal IL-10 levels, which were increased in two
studies [16, 22], unchanged in four studies [26, 27, 30,
42], and decreased in five studies [19, 20, 25, 31, 35]. Four
studies measured ictal levels: two reported elevated levels
[26, 27], whereas another two reported no changes [20,
30]. The meta-analysis including nine studies on interictal
levels of IL-10 showed no significant difference compared
to those in controls (Supplementary Material S4).

TGEF-B TGE-p is a multifunctional cytokine that controls
cell proliferation, motility, differentiation, and apoptosis.
Cytokines also play a role in blood vessel formation and
immune regulation. Two studies evaluated TGF-f levels
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Table 1 Studies on ictal and interictal blood cytokine levels in individuals with migraine
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CCLS

First author, Country No. of pa- Migraine No. of con- Matched Blood NOS Interictal levels Ictal levels

year tients with  types trols (% factors  sample
migraine (% female)
female)

ArmaGAn, 2020 Turkey Ictal: 30 NR 30 (100%) NR Plasma 3 IL-16 (), IL-6 (1 IL-16 (1)

[18] (100%) TNF-a (T) IL-6 (1),
Interictal: 30 TNF-a (1)
(100%)

Aydin, 2015[30]  Turkey Ictal: 35 MA: 30 (73%), 9 (73%) Age, sex  Plasma 6 IL-6 (1), TNF-a (1), IL-6 (=),
(69%) MO: 40 (68%) INF-y (=), IL-4 (=), TNF-a (=),
Interictal: 35 IL-10 (=) INF-y (=),
(71%) IL-4 (=),

IL-10 (=)

Bernecker, 2011-1  Austria 50 (84%) MA: 20 74 (62%) NR Serum 4 Total ADP (=), Leptin

[54] =

Bernecker, 2011-2  Austria 48 (100%) MA: 17 (100%) 48 (100%) NR Serum 4 Total ADP (=), Leptin

[55] =

Boc¢kowski, 2009  Poland 21 (48%) MA: 9 (44%), ETTH: 24 NR Plasma 3 TNF-a (=)

[39] MO: 12 (50%)  (75%)

Chai, 2015 [53] USA 34 (94%) All EM Patients N/A Serum 7 Total ADP
(1), Leptin
=)

Chaudhry, 2019 Germany 30 (97%) EM:19,CM: 11 18 (83%) NR Serum 5 IL-18 (M), I-6 (=

[16] MA: 11, MO: 19 TNF- 0( ),Total

ADP (=), Leptin (=),
IL-10 (1)
Cowan, 2021 [35] USA 42 Interictal EM: 14 (71%) Age, sex, Plasma 8 IL-6 (=), TNF-a (=),
24 (79%) SES INF-y (=), I-10 (})
Ictal EM: 13
(77%)
CM: 16 (94%)
Dearborn, 2014 USA Migraine: 72 NR 850 (61%) NR Plasma 6 Total ADP (1), Leptin
[56] (75%) =)
Probable
migraine: 59
(70%)

Domingues, 2016  Brazil 68 (93%) NR TTH: 48 NR Serum 4 CCL2 (1), CCL3 (1),

[49] (90%) CCL5 (1)

Dominguez, 2018 Spain 72 (83%) AllCM 24 (96%) NR Serum 6 IL-6 (1), TNF-a (=),

[31] I-10(})

Duarte, 2014 [57]  Brazil 68 (93%) EM: 45, CM: 23 65 (88%) NR Serum 4 Total ADP (1)

MA: 10
Duarte, 2015 [47]  Brazil 49 (94%) EM: 35, CM: 14 49 (94%) Age, sex  Serum 6 CCL2 (1), CCL3 (1),
MA: 8 CCL5 (=)
Empl, 2003 [36] Germany Ictal: 6 MA: 19 (100%), 8 (75%) NR Serum 4 IL-6 (=), TNF-a (=) IL-6 (=),
(100%) MO: 8 (75%) TNF-a (=)
Interictal: 21
(90%)
Fidan, 2006 [27] Turkey Ictal: 25 MA:7,MO: 18 25 (80%) Age, sex  Serum 6 I-13 (=), I-2 (=), 16 IL-1B (=)
(80%) (1), TNF- a( ) INF -y L2 (), 116
Interitcal: 25 (=), CCL2 (=), CCL3 (1), TNF-a
(80%) (=), CCL4 (=), CCL5 (=), INF-y
(=), 110 (=) (=), CCL2
(=), CCL3
(=), CCL4
=
(

),
1,110 (1)
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Table 1 (continued)

First author, Country No. of pa- Migraine No. of con- Matched Blood NOS Interictal levels Ictal levels
year tients with  types trols (% factors  sample
migraine (% female)
female)
Flook, 2019 [22] Spain 82 (65%) AllVM 66 Serum NR 3 IL-13 (1), I-6 (=),
MA: 48, MO: 34 TNF- o( ) INF-y (1),

CCL2 (1), CCL3 (1),
cCL4 (T) CCLs (M),

-4 (1), IL-10 (1)
Guldiken, 2008 Turkey 61 (77%) All EM 64 (66%) Age, sex  Serum 5 Leptin (1)
[58]
Guo, 2017 [40] Denmark 32 (81%) All MO 6 (67%) Age, sex  Serum 8 TNF-a (=) TNF-a (=)
Guzel, 2013 [45]  Turkey 51(71%) MA: 27 (74%), 27 (59%) NR Serum 4 TGF-B (1)
MO: 24 (67%)
Hirfanoglu, 2009 Turkey 77 (57%) MA: 9, MO: 68 19 Serum NR 5 IL-16 (), IL-6 (1
[17] TNF-a (1)
Ishizaki, 2005 [44] Japan 68 (78%) MA: 23 (65%), 59 (59%) NR Plasma 4 TGF-3 (1)
MO: 45 (84%)
Karaaslan, 2020 Turkey 30 (90%) AllVM 50 (70%) Age, sex  Serum 5 13 =), 16 (I IL-13 (=)
[23] Ictal: 11, MA: 9 TNF- Ol( ) I-6 (=),
Interictal: 19 TNF-a (=)
Koger, 2009 [32]  Turkey 66 (91%) AllCM 45 Age, sex  Serum 6 IL-6 (1)
Lee, 2015 [19] Taiwan 15 (73%) AllVM 15 (67%) Age Plasma 5 IL-18 (1), IL-2 (1), IL-6
(T),TNF a(r), \NF -y
M, 14 (), 110 ()
Ligong, 2015 [59]  China 52 (67%) NR 52 (67%) Age, sex, NR 6 Leptin (=)
BMI
Martami, 2018 Iran 43 (79%) EM: 20, CM: 23 40 (78%) Age, sex  Serum 5 TNF-a (1)
[38]
Martelletti, 1993 Italy 20 (80%) NR Patients N/A Serum 6 IL-6 (1),
[37] INF-y (1),
-4 ()
Martelletti, 1997 Italy 20 (65%) All MO 20 (65%) Age, sex  Serum 6 -4 (])
[43]
Mueller, 2001 [24] USA 19 (100%) All MRM 10 (100%) NR Serum 5 -1 (), IL-6 (= I-13 (=)
TNF-a ( )
Munno, 1998 [42] Italy 32 (72%) All MO 32 (72%) Age, sex  Plasma 5 INF-y (=), IL-4 (1),
IL-10 (= )
Oliveira, 2017 [25] Brazil 20 (100%) All EM 17 (100%)  Age, sex  Plasma 6 IL-13 (=),
=12 (T) ( ),
I-10(4)
Perini, 2005 [26] [taly 25 (88%) MA: 4, MO: 22 18 (72%) NR Plasma 6 IL-13 =), 12 (), 16 IL-13 (1)
Ictal: 25, (=), TNF-a (}), IL-4 I-2 (=), IL-6
Interictal: 25 (=),1L-10 (=) (=), TNF-a
M), 14 (=),
IL-10 (1)
Peterlin, 2008 [51] USA 25 (100%) EM:13(100%) 12(100%) Age, sex, Serum 8 Total ADP (=)
Chronic daily BMI
headache: 12
(100%)
Sarchielli, 2004 Italy 8 (63%) AllMO, AITEM 15 (60%) Age Serum 8 CCL2 (=), CCL5 (=) CCL2 (=),
[48] CCL5 (=)
Sarchielli, 2006 Italy 7 (57%) All MO, All EM  Patients N/A Plasma 8 IL-16 (1)
[28] IL-6 (=),
TNF-a (=),
-4 (1)
Shimomura, 1991 Japan 13 (62%) All MO 43 (65%) NR Serum 5 -2 (})
[46]

Tanure, 2010 [41]  Brazil 9 (89%) All EM Patients N/A Serum 5 TNF-a (=)
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Table 1 (continued)
First author, Country No. of pa- Migraine No. of con- Matched Blood NOS Interictal levels Ictal levels
year tients with  types trols (% factors  sample
migraine (% female)
female)
Togha, 2020 [33]  Iran 71 (86%) EM: 44, CM: 27 19 (79%) Age, sex  Serum 7 IL-6 (1), TNF-a (1)
Uzar, 2011 [20] Turkey 64 (70%) MA: 25, MO:39 34 (71%) NR Serum 5 1B (1), 12 (=), IL-1B8 (=),
Ictal: 25, IL-6 (1), TNF-a (=), IL-2 (=), IL-6
Interictal: 39 IL-10 (}) (=), TNF-a
(=), 110
=
van Hilten, 1991 Netherlands 20 (60%) MA: 6, MO: 14 Patients N/A Plasma 6 IL-13 (=),
(29] TNF-a (=)
Wang, 2015 [34]  China 103 (41%) MA:31.MO: 72 100 (59%)  Age,sex  Serum 6 I-6 (1) I-6 (=)
Yicel, 2016 211 Turkey 31 (68%) All EM 24 (63%) NR Serum IL-18 (), IL-6 (1), I-18.(1),
TNF-a (1) IL-6 (1),
TNF-a (1)

NOS: Newcastle-Ottawa Scale, NR: not reported, MA: migraine with aura, MO: migraine without aura, EM: episodic migraine, ETTH, episodic tension-type headache,
SES: social economic status, CM: chronic migraine, TTH: tension-type headache, VM: vestibular migraine, N/A: not applicable, 1: significantly increased, =: no

significant difference, |: significantly decreased

during the interictal period and found elevated levels [44,
45]. No study reported ictal levels of TGE-p.

Other cytokines IL-2, IL-8, IL-12, and IFN-y are proin-
flammatory cytokines whose levels have been measured
in the blood of individuals with migraine. Ictal and inter-
ictal IL-2 and IFN-y levels have shown conflicting results
[19, 20, 26, 27, 30, 35, 37, 42, 46]. Interictal IL-8 levels
were investigated in six studies with mixed results [19, 22,
25, 28, 35, 47], and interictal IL-12 levels were measured
in one study, which reported increased levels thereof [25].

Chemokines

Chemokines and chemotactic cytokines are a family of
small cytokines, or signaling proteins, secreted by cells
that induce the directional movement of leukocytes.
Interictal blood levels of chemokine ligands (CCL) 2,
CCL3, CCL4, and CCL5 were elevated in three, three,
one, and two studies, respectively, while the levels were
reported as no changes in two, one, one, and three stud-
ies, respectively [22, 27, 47-49].

Adipokines

Adipokines are cytokines secreted by adipose tissue
and play a role in immune regulation [50]. Altered lev-
els of adiponectin (ADP) and leptin have been reported
in patients with migraine. ADP oligomerizes and cir-
culates in the blood in high molecular weight (HMW),
middle molecular weight (MMW), and low molecular
weight (LMW) forms. HMW-ADP has proinflamma-
tory functions, whereas LMW-ADP has anti-inflamma-
tory functions. Total ADP (T-ADP) levels are reported
to be elevated in patients with chronic daily headaches
[51, 52]. The increase in T-ADP levels in patients with
migraine is mostly due to an increase in HMW-ADP

and MMW-ADP levels. After successful acute treat-
ment, the T-ADP levels decreased. Among acute treat-
ment responders, HMW-ADP levels decreased and
LMW-ADP levels increased, whereas only LMW-ADP
levels decreased in those who do not respond to acute
treatment [53]. Six studies reported on the interictal
levels of total ADP, of which only two showed a signifi-
cant increase compared to the levels in controls [16, 51,
54-57]. Similarly, six studies reported on interictal levels
of leptin, with one showing a decrease, but the remain-
ing five showed no significant difference [16, 54—56, 58,
59]. The meta-analysis included six studies each measur-
ing total ADP and leptin levels in the interictal period,
none of which showed significant results (Supplementary
Material S5).

Cell adhesion molecules and matrix metalloproteinases

Cell adhesion molecules (CAMs) are a subset of cell sur-
face proteins involved in the binding of cells with other
cells or other extracellular matrixes. CAMs participate in
immune cell binding and are involved in immune regula-
tion. The inhibition of intercellular adhesion molecule-1
(ICAM-1) causes decreased serum ICAM-1 levels during
the ictal period [43].

Matrix metalloproteinases (MMPs) are a family of
proteolytic enzymes capable of degrading extracellular
matrix proteins and playing a role in immune regulation,
including leukocyte recruitment, cytokine and chemo-
kine processing, and matrix remodeling [60]. There are
several subtypes of MMPs. Different results have been
reported depending on the MMP subtype and the period
of the migraine attack. Elevated overall MMP activity was
observed in the migraine group compared to that in con-
trols in one study [54], and decreased levels of MMP-3
were observed during the ictal period compared with
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those in the interictal period. The study found no signifi-
cant differences in MMP-7, MMP-8, and MMP-10 levels
between the ictal and interictal periods [61], and no sig-
nificant differences between MMP-7 and MMP-8 levels.
Interictal MMP-9 levels were increased in one study and
unchanged in two other studies [54, 61, 62].

High-sensitivity C-reactive protein (CRP)

CRP is a circulating protein whose levels increase in
response to inflammation. It originates in the liver after
IL-6 secretion by macrophages and T lymphocytes. Since
the traditional measurement of CRP has a measurable
range of 10-1,000 mg/L, high sensitivity CRP (hsCRP)
has been used to measure in the 0.5-10 mg/L range.
Studies have reported hsCRP levels in patients with
migraine. However, these results were contradictory;
some showed elevated hsCRP levels in individuals with
migraine compared to those in controls, while others
showed no change. A review of eight positive and six neg-
ative studies raised the possibility that differences in CRP
levels in migraine patients may depend on body mass
index (BMI) distribution [63]. If the mean BMI of the
patients was overweight or obese (=25 kg/m?), the indi-
viduals in the migraine group had higher CRP levels than
those in the control group. In contrast, if the mean BMI
was less than that of overweight individuals (<25 kg/m?),
there was no difference between the migraine and nor-
mal groups [63]. Two studies examined CRP levels sepa-
rately in migraine with aura (MA) and migraine without
aura (MO), with one study showing a greater increase in
migraine with aura than in migraine without aura and
one study showing no difference [64, 65]. However, the
association between migraine and CRP levels is inconclu-
sive, with studies showing diverse outcomes.

Complement system

The complement system is a part of the immune system
that enhances the ability of antibodies and phagocytic
cells to clear microbes and damaged cells from an organ-
ism and promote inflammation. Significant decreases in
C4 and C5 levels have been observed during migraine
attacks, and significant decreases in Cls, C4, and factor-B
have been reported in both MA and MO during migraine
attacks [66]. These findings suggest complement system
activation during migraine attacks [67, 68]. However,
another study reported no changes in the complement
system during migraine attacks [69]. The complement
system in the interictal period has been reported in one
study, which observed a decrease in C3 and no difference
in C4 in the migraine group compared with that in the
control group [70]. In summary, significant changes in
some components of the complement system during the
ictal and interictal periods have been observed in most
studies.
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Immunoglobulins

Three studies observed increases in IgM and IgA in
patients with migraine compared with those in con-
trols [66, 68, 71], whereas one study reported no differ-
ence [70]. Three studies assessed IgE levels; two found
increased levels in migraine patients with allergic dis-
eases, whereas one found decreased levels [72-74]. Two
of these studies further compared IgE levels in migraine
patients with and without allergies, with one study find-
ing no difference and the other finding increased IgE lev-
els in patients with allergies [73, 74].

Histamine

Histamine is a biogenic monoamine involved in local
inflammation and acts as a key mediator of mast cells
[75-77]. Four studies evaluated blood histamine levels
in individuals with migraine during the interictal period;
three studies reported increased levels compared to those
in controls, and one study reported decreased levels [72,
73, 78, 79]. Histamine levels during the ictal period were
observed in two studies, both of which showed a signifi-
cant increase [78, 79].

Other immune-related blood markers

Altered blood levels of pentraxin 3 (PTX3) and cyclo-
oxygenase-2 (COX-2) have been reported in migraine
patients. PTXs are acute-phase proteins along with
hsCRP, which are markers of endothelial dysfunction.
Elevated levels of PTX3 during the ictal period have been
reported [80-82]. During the interictal period, elevated
PTX3 levels have been reported in patients with CM [83].
However, there have been no reports on interictal PTX3
levels in EM.

COX-2 is an enzyme involved in the conversion of
arachidonic acid to prostaglandin H2, an important
precursor of prostacyclin, which is expressed during
inflammation. Elevated COX-2 levels during the ictal
period have been reported in one study. Neverthe-
less, there was no significant difference in COX-2 lev-
els between the migraine and control groups during the
interictal period [84].

Cerebrospinal fluid (CSF) markers related to immunity

CSF is thought to reflect biochemical changes in the
brain; therefore, it is the body fluid of primary interest in
brain diseases [85]. Although neurogenic inflammation
in the meninges and meningeal vessels in patients with
migraine is likely to be local, immune-related marker
changes may be detectable in the CSE. CSF levels of sub-
stances with high molecular weights are likely to reflect
autologous production in the presence of an intact
blood-brain barrier [86]. Most studies have been con-
ducted during the interictal period because of the nature
of CSF studies. Elevated CSF levels of immune-related
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markers in migraine are thought to reflect an inflamma-
tory response in the nervous system; however, their exact
significance remains unclear.

There are few studies on cytokine levels in the CSF. In
a Norwegian hospital-based study, increased CSF lev-
els of monocyte chemoattractant protein-1 and TGEF-f
were observed in the CSF of migraine patients. However,
IL-1pB, IL-4, and IL-10 were undetectable [87]. Another
study in the USA found elevated levels of TNF-a in
patients with treatment-refractory CM [88]. A further
study in the USA found no significant differences in CSF
levels of IL-6, IL-8, IL-10, hsCRP, and MMP-9 between
individuals with migraine and controls [35]. CSF levels of
CGRP have not been reported in EM, but increased lev-
els have been reported in three studies on CM [89-91].
A meta-analysis has reported significantly elevated CSF
CGRP levels in individuals with CM [92].

Cellular immunity

Alterations in immune cell subsets have been observed in
individuals with migraine [93]. A significant increase in
CD4+ (T helper) and a decrease in CD8+ (cytotoxic T)
lymphocytes have been observed in the blood during the
interictal period [94, 95]. Blood tests in individuals with
migraine revealed decreased monocyte counts and poly-
morphonuclear leukocyte (PMN) phagocytosis [96].

A flow cytometric study found an increase in the
CD3+CD16+CD56+lymphocyte subset, an NK cell
subtype, in individuals with migraine during the ictal
and interictal periods, compared to that in controls [97].
Another change in T lymphocyte subsets is a decrease
in regulatory T (Treg) cells in individuals with migraine
[98]. Considering that Treg cells play an important role in
the prevention of autoimmunity, a decrease therein may
lead to the failure of self-recognition and the develop-
ment of autoimmune diseases. In summary, immune cell
subset changes toward a proinflammatory pattern were
observed, similar to those observed for cytokines.

Genetic findings related to immunity in migraine

Genetic studies of migraine have shown differences in
genes related to immunity. The immunogenetic changes
identified in migraine include histocompatibility and
cytokine gene polymorphisms.

Human lymphocyte antigen (HLA) gene polymorphism

HLA codes for major human histocompatibility complex
(MHC) class I and II molecules. HLA genes are highly
polymorphic, and their association with a specific disease
has been used as evidence to suggest the involvement of
immunological mechanisms in pathogenesis. HLA genes
are divided into A, B, and C, which encode MHC class
1 molecules, and DP, DQ, and DR, which encode MHC
class II molecules.
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A Taiwanese study investigated genetic polymorphisms
of MHC class I molecules and found that the allele fre-
quencies of the B*39:01 and C*03:02 genes were signifi-
cantly increased in clinic-based migraine compared to
those in controls with odd ratios (OR) of 1.80 (95% confi-
dence interval [CI]=1.28-2.53) and 1.50 (95% CI=1.14—
1.62), respectively [99]. The study also found that allele
frequencies of C*03:02 were significantly increased in
individuals with CM with medication-overuse headache
compared to those in individuals with EM, with an OR
of 1.63 (95% CI=1.11-2.39). Regarding genetic poly-
morphisms in MHC class II molecules, an Italian study
found a decreased frequency of the DRB1*12 allele and
an increased frequency of the DRB1*16 allele in patients
with migraine compared to that in controls. Furthermore,
a subgroup analysis revealed a significant increase in the
DRB1*16 allele in MO, but not in MA [100]. Another Ital-
ian study reported an increased frequency of DRB1*15
and DRB1*16 alleles in individuals with MA compared to
that in those with MO [101].

Cytokine gene polymorphism

Among cytokine gene polymorphisms, TNF-a 308G>A
is a genetic polymorphism in migraine for which a signif-
icant relationship is frequently reported. In a meta-anal-
ysis of 11 studies including 6,682 Caucasians and 22,591
non-Caucasians, the A allele (AA+GA vs. GG) in TNF-a
308G>A was associated with an increased OR of 1.82
(95% CI=1.15-2.87) for migraine in non-Caucasians,
but no significant difference between migraine and con-
trol groups of Caucasians (OR=0.81, 95% CI=0.56-1.17)
[102]. When comparing MA with controls, the risk was
significantly increased for both Caucasians (OR=1.15,
95% CI=1.03-1.28) and non-Caucasians (OR=1.62, 95%
CI=1.303-2.53). Other reported cytokine gene polymor-
phisms associated with migraine include TNF-B G252A,
rs1800629, rs1799724, and rs1799724 polymorphisms
in the TNF-a gene and the C/T biallelic polymorphism
IL-1a gene [103-106].

Other polymorphisms related to immunity

A meta-analysis including 375,000 individuals from 22
genome-wide association studies identified 38 loci for
migraine, and some loci were associated with immune
mechanisms, including rs67914 near TGFBR2, rs7684253

near REST-SPINK2, rs28455731 near GJAI, YAPI,
PRDM16, LRPI1, and MRV11 [10, 107].
In summary, genetic polymorphisms linked to

immune dysfunction have been reported in patients with
migraine; however, conflicting results have been reported
in most cases. One genetic variation for which a relatively
large number of studies report a significant association
is the A allele in TNF-a 308G>A. Although the number
of studies on the association between migraine and HLA
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gene polymorphisms is small, this is an important finding
that suggests the involvement of immunological mecha-
nisms in migraine.

Comorbidity with autoimmune and allergic diseases
Migraine and autoimmune diseases

Altered cytokine profiles and lymphocyte subsets are
also found in autoimmune diseases such as migraine.
Studies have reported a higher prevalence of migraine
in the presence of autoimmune diseases [108]. Although
it remains uncertain whether migraine in autoimmune
diseases is a primary headache or a symptom of autoim-
mune diseases, the co-occurrence of the two conditions
suggests that migraine and autoimmune diseases share
an immunological pathogenesis.

Multiple sclerosis A meta-analysis of 11 articles and two
abstracts found a high prevalence of migraine in patients
with multiple sclerosis, at a rate of 31% [109]. Disease-
modifying treatments affect migraine, with an increasing
prevalence and worsening symptoms [110, 111].

Vasculitis Behget’s disease affects both the small and
large veins, and 85.2% of patients experience headaches,
with 90% headaches meeting the International Headache
Society’s criteria for migraine. There is a 52% prevalence
of visual or sensory auras in patients with Behcet’s dis-
ease, which is higher than that in the general population.
When assessing disability with the Migraine Disability
Assessment, 62% respondents had moderate or severe
disability [112].

Connective tissue disorders Systemic lupus erythema-
tosus (SLE), rheumatoid arthritis, Sjogren’s disease, psori-
atic arthritis, and antiphospholipid syndrome are autoim-
mune connective tissue disorders. Headache or migraine
is more common in most autoimmune connective tis-
sue disorders than in controls, except in SLE [113-116].
Conlflicting results have been reported for headaches in
patients with SLE; however, a meta-analysis of 112 studies
found that headaches in patients with SLE did not differ
from those in controls [117].

Immune-mediated gastrointestinal disorders Celiac
disease (CD) and inflammatory bowel disease (IBD) are
immune-mediated gastrointestinal disorders. Individu-
als with CD or IBD have a higher prevalence of migraine
or headaches than those without these disorders [118]. A
meta-analysis of 40 articles found that the prevalence of
headaches in patients with CD is 26%, with most head-
aches being migraine-like. A meta-analysis of 10 studies
found that the pooled prevalence of migraine in patients
with IBD was 19%. When analyzing ulcerative colitis
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alone, the prevalence of migraine was 10%, and that of
Crohn’s disease was 24% [109].

Migraine and allergic diseases

Allergic diseases are caused by the hypersensitivity of the
immune system to harmful substances. These conditions
include asthma, atopic dermatitis, allergic conjunctivitis,
allergic rhinitis, food allergies, and anaphylaxis.

In cross-sectional studies, individuals with migraine
had a higher prevalence of hay fever, rhinitis, and der-
matitis than those without migraine [119]. Similarly, the
prevalence of migraine was higher in individuals with
allergic rhinitis, atopic dermatitis, and asthma [120-122].
Longitudinal studies have shown a bidirectional rela-
tionship between migraine and asthma; the incidence
of asthma is higher in individuals with migraine than in
those without migraine, and the incidence of migraine is
higher in individuals with asthma than in those without
allergies [123-125]. A significant association between
migraine and food allergies has also been reported [126];
however, the relationship between allergic diseases other
than asthma and migraine in longitudinal studies is not
well understood.

In summary, cross-sectional studies have consistently
demonstrated significant comorbidity between aller-
gic conditions, such as asthma, rhinitis, dermatitis, and
food allergies, and migraine. However, in longitudinal
studies, only one article reported bilateral comorbidities
specifically between asthma—an allergic disease—and
migraine. Despite this, other studies individually revealed
an increased incidence of migraines among patients with
allergies, and vice versa. These findings suggest a pat-
tern of bidirectional comorbidity between migraines and
allergic diseases.

Other relevant findings

CGRP

CGRP is composed of 37 amino acids and is abundant
in both the central and peripheral nervous systems.
CGRP is released by transient receptor potential vanil-
loid 1 activation and plays an important role in migraine
and immunity [9]. CGRP also plays a key role in the
pathogenesis of migraine. Infusions of CGRP induce
migraine-like headaches in humans and animals [127].
Ictal elevation of blood CGRP levels in migraine has been
consistently reported [128]. Meanwhile, interictal CGRP
levels increase in patients with CM [129]. The recent
introduction of CGRP-targeted therapies has revolution-
ized migraine treatment and has become increasingly
widely used [130].

CGRP is abundant in the immune system and exhib-
its both proinflammatory and anti-inflammatory effects
[9, 131, 132]. Nerve fibers containing CGRP are found
in various body parts, including the bone marrow, gut,
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lungs, lymph nodes, skin, spleen, and thymus. Moreover,
CGRP receptors are present in many hematopoietic cell
types [133]. Studies directly investigating the immuno-
modulatory effect of CGRP in patients with migraine are
still scarce. The effects of CGRP on immune function,
mostly from animal models, are summarized in Table 2.

Pituitary adenylate cyclase-activating polypeptide (PACAP)

PACAP, like CGRP, may play an important role in the
pathogenesis of migraine. PACAP exists in two isoforms,
PACAP-38 and PACAP-27, with PACAP-38 being the
most prevalent. Most of the immunological functional
studies of PACAP have been conducted with PACAP-38.

Increased PACAP-38 levels have been observed during
migraine attacks [145, 146]. During the interictal period,
PACAP-38 levels showed mixed results; some studies
showed increased levels, while others revealed decreased
levels [145-148]. PACAP-38 infusion induces migraine-
like headaches in humans [149].

PACAP-38 also affects immune function and exhibits
potent anti-inflammatory effects, inhibiting the produc-
tion of proinflammatory cytokines such as IL-2, IL-12,
and TNF-a in macrophages and stimulating the pro-
duction of anti-inflammatory cytokines such as IL-10
[150-153]. PACAP-38 inhibits antigen presentation by
macrophages by inhibiting the B7.1 accessory molecule
and increasing Th2 differentiation and decreasing Thl
differentiation [154].

Table 2 Effects of CGRP on immune functions
Effects of CGRP

Induce degradation of MHC class Il molecules
[134]

Inhibit LPS-induced proinflammatory cytokines
(IL-1b and TNF-a) and promote anti-inflamma-
tory cytokines (IL.-4 and IL-10) from macro-
phages [135, 136]

Inhibit CD11b expression [137]

Inhibit toll-like receptor-mediated inflammation
Inhibit early B cell development and differentia-
tion [138, 139]

Inhibit surface expression of immunoglobulin
[138]

Inhibit T cell proliferation and differentiation
[140,141]

Inhibit T cell motility and migration [141]
Facilitate breaking of T helper cells [142]

Inhibit antigen presentation and maturation of
dendritic cells [132, 143]

Immune systems

Macrophages

B cells

T cells

Dendritic cells

Mast cells Inhibit mast cell degranulation [132, 143, 144]
Most meningeal mast cells are found near
CGRP-containing nerve fibers

Cytokines Increase production of Th2 cytokines and

decrease production of Th1 cytokines [9]

CGRP, calcitonin gene-related peptide; MHC, major histocompatibility complex;
LPS, lipopolysaccharide
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Discussion

Although the immunological changes in migraine vary
across studies and the timing of the attack, the key find-
ings that are relatively consistent can be summarized as
follows: (1) some proinflammatory cytokines, such as
IL-1b, IL-6 and TNF-a, increase during the interictal or
ictal period, while anti-inflammatory cytokines show
various findings; (2) an increase in T helper lymphocytes,
a decrease in cytotoxic T lymphocytes, and a decrease
in regulatory T lymphocytes are observed; and (3) there
is significant comorbidity with autoimmune and aller-
gic diseases where immunological mechanisms play an
important role in the pathogenesis. The immunological
changes in migraine during the interictal period are sum-
marized in Fig. 2.

Allergic diseases, in which immunological mechanisms
play an important role in disease pathogenesis, are co-
morbid with migraine [119-126]. This comorbidity sug-
gests that dysfunction of the immunological system is a
common pathological mechanism in both migraine and
allergic diseases. As each allergic disease is caused by
different immunological mechanisms, evaluating the
comorbidity of allergic diseases and migraine separately
according to the types of the allergic reaction will provide
a better understanding of the immunological aspects of
migraine. The comorbidity between autoimmune dis-
eases and migraine has not been as thoroughly investi-
gated as that with allergic diseases [108, 109, 112, 117,
118]. While many studies have noted a higher prevalence
of migraine among individuals with autoimmune dis-
eases, there is still scant information regarding the preva-
lence of autoimmune conditions in those suffering from
migraine.

We observed a variety of immune response changes in
humans suffering from migraine, but some of the changes
observed in preclinical studies were different from those
observed in animal models. An activation of meningeal
macrophages, DCs, and MCs has been documented in
animal models of migraine [1]. However, macrophage
activation has not been observed in human migraine
studies [155]. CGRP receptors have been observed in
rat MCs, but no CGRP receptors have been identified in
human MCs [156, 157]. This is thought to be due to the
differences between animal models and human migraine,
as well as species differences. Animal models can be used
to observe pathological changes in various tissues and
organs that cannot be observed in humans. Therefore,
it is important to note that findings using animal mod-
els of migraine may differ from those of human migraine;
therefore, caution should be exercised when interpreting
studies using animal models of migraine.

In this review, we explored the immunological role of
CGRP, present in both the nervous and non-nervous sys-
tems of the body, performing a multitude of physiological
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Humoral immunity

* Increased proinflammatory cytokines
(IL-6 & TNF-q, etc.)

» Altered anti-inflammatory cytokines
(IL-4 & IL-10, etc.)

» Increased chemokines (CCL2 & CCL3)

» Activation of complement system

« Altered some matrix metalloproteinases

* Increased IgM and IgA

» Increased CGRP in chronic migraine
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Cellular immunity

» Increased CD4+ (T helper) cells

» Decreased CD8+ (cytotoxic T) cells
» Increased a subset of NK cells

» Decreased regulatory T cells

Autoimmune and allergic comorbidities

Multiple sclerosis, vasculitis, connective tissue disorders, celiac disease, inflammatory bowel diseases,
asthma, atopic dermatitis, allergic conjunctivitis, allergic rhinitis, food allergy and anaphylaxis

Fig. 2 The immunological changes in migraine during the interictal period. CCL, chemokine ligand; NK, natural killer; CGRP, calcitonin gene-related pep-

tide; PACAP, pituitary adenylate cyclase-activating polypeptide

functions. Furthermore, it plays a significant role in the
pathophysiology of various diseases, including ischemia,
heart failure, atherosclerosis, arthritis, sepsis, hyperten-
sion, diabetes, and obesity [158]. In terms of its immu-
nological function, CGRP primarily acts to suppress
inflammation, by inhibiting proinflammatory Thl cyto-
kines, increasing anti-inflammatory Th2 cytokines,
and suppressing immune cells such as macrophages, B
cells, T cells, DCs, and mast cells [9, 132, 134-141, 143,
144]. Given that immunological changes associated
with migraine typically involve increased inflamma-
tion—characterized by heightened levels of proinflam-
matory cytokines, an increase in T helper cells, and a
reduction in regulatory T cells—CGRP appears to play
a pivotal role in immunoregulation within the context
of migraine. Similarly, PACAP is believed to be involved
in migraine pathogenesis and possesses immunomodu-
latory properties. These properties of PACAP also con-
tribute to the suppression of inflammation, achieved
through the inhibition of proinflammatory cytokines and
the enhancement of anti-inflammatory cytokines [145—
154]. However, the precise roles of CGRP and PACAP
in immune alterations associated with migraine remain
insufficiently explored, highlighting the need for future
research.

We reviewed the various immunological alterations
observed in patients with migraine. Recently, various
therapeutic approaches have been developed to modulate
these immunological alterations. Corticosteroids, immu-
noglobulins, and cytotoxic agents have traditionally been
used to treat altered immunity in autoimmune diseases.

More recently, monoclonal antibodies directed against
specific immune function cells or substances, calcineurin
inhibitors, tacrolimus for selective suppression of T lym-
phocytes, and sirolimus and everolimus have been used
to inhibit the mammalian target of rapamycin [159]. If
immunological mechanisms play a key role in migraine
and their targets can be identified, it may be possible
to develop effective migraine therapies using immuno-
modulation. Therefore, identifying immune alterations in
migraine may help guide future targeted immunomodu-
latory therapies.

This study has a few limitations. First, our systematic
search of the PubMed database aimed to identify immu-
nological changes in migraine. However, capturing the
full diversity of immune responses in human migraines is
challenging. As a result, many studies addressing immu-
nological changes in migraine were included through
additional searches beyond our initial strategy, which we
believe was necessary given the diverse nature of immune
responses. Second, various factors can affect immune
function. These include the timing and location of blood
sample collection, the speed of the analysis, the presence
of comorbidities, nutritional status, and medication use.
These heterogeneities may have contributed to the incon-
sistent results of the studies. Furthermore, the limited
number of studies that could use the quantitative values
of the measurements also restricted the quality of meta-
analysis. Due to this, we aimed to focus on both quanti-
tative and qualitative comparisons of the immunological
changes.
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Conclusions

Altered immunity is noted during the ictal and interictal
periods in patients with migraine. A pivotal mechanism
of migraine is the activation and sensitization of tri-
geminal vascular afferents and the subsequent neuroin-
flammatory responses. Various immunological changes
in migraine are thought to be closely associated with
neuroinflammatory responses. The main immunologi-
cal changes in human migraine include increased blood
levels of some proinflammatory cytokines, adipokines,
and CGRP; activation of the complement system; an
increase in Th lymphocytes; and a decrease in Treg lym-
phocytes. The comorbidity with autoimmune and allergic
diseases also suggests other immunological mechanisms
in migraine. These identifications not only contribute to
our understanding of pathophysiology but may also aid
in the diagnosis and treatment of migraine, reducing the
burden thereof.
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