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Major depressive disorder (MDD) and bipolar disorders are major
sources of disability worldwide. It is estimated that approximately
350 million people experience MDD or bipolar disorders globally."
According to the World Health Organization, MDD is the leading
cause of disability worldwide, with the annual attributable financial
loss of $83 billion.>’

A diagnosis of MDD or bipolar disorder is made by conducting
a psychiatric interview and assessing the presence and impact of
psychopathological symptoms, while ruling out any medical condi-
tions that may be directly causing these symptoms. Although some
biomarkers associated with a mood disorder diagnosis have been
identified, to date, none of these biomarkers have been adopted in
clinical practice.” In the absence of objective biomarkers to identify
various disease states in psychiatry, treatment decisions are based
largely on the patient’s report of symptoms and a mental status
examination.’

Current pharmacological treatments for mood
disorders

Pharmacological treatments for mood disorders were discovered
serendipitously and they have remained fundamentally unchanged
over the past several decades. Although antidepressant medications
have evolved over the years, the therapeutic effect of all available
antidepressants (with the possible exception of ketamine) is attrib-
uted to their action on at least one of the monoamine neurotrans-
mitters.® Pharmacotherapy for acute bipolar depression comprises
medications used primarily for the treatment of mania (i.e.
lithium, atypical antipsychotics), MDD (i.e. antidepressants) or
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gine). Although these medications are effective for a significant pro-
portion of patients, large studies suggest that up to 50% of patients
do not achieve remission with standard treatments.””® A possible
explanation for this variability in treatment outcomes is that
patients with mood disorders are a heterogeneous group. To
achieve higher rates of remission, new studies could use the frame-
work of ‘precision medicine’ and delineate subgroups of patients
who are more likely to respond to specific treatments.

Immunopsychiatry

In recent years, several pre-clinical and clinical studies have inves-
tigated the association between the inflammatory response system
and neuropsychiatric disorders, including MDD and bipolar disor-
ders.'”"” The subspecialty of ‘immunopsychiatry’, which aims to
study this association, is now an established area of research. In
this selective review we will summarise the evidence of the putative
pathophysiological association between the inflammatory response
system and mood disorders. We will also provide an updated
summary of findings from treatment trials of immunomodulating
agents in patients with MDD and bipolar disorders.

Method

The literature was reviewed by searching Medline for clinical trials
of immunomodulating agents as monotherapy or adjunctive treat-
ments in MDD and bipolar disorders from inception until
December 2019, as well as by reviewing relevant reviews and refer-
ences in the field. Selected studies were randomised controlled trials
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(RCTs), cluster RCT's or cross-over trials of immunomodulating
agents that had an active comparator or a placebo-arm.
Participants had to meet criteria for MDD or bipolar disorders
according to ICD-10, DSM-IV or DSM-5."*"*° We only reviewed
studies in English.

Results

Are mood disorders associated with a proinflammatory
state?

The immune system and its possible association with mental disor-
ders has been studied since the late 1800s. In 1887, Julius Wagner-
Jauregg induced malaria in patients to alleviate symptoms of
‘dementia paralytica’, later known to be the neuropsychiatric man-
ifestations of syphilis.”' Almost a century later, Benjamin Hart
coined the term ‘sickness behaviour’ to characterise the psycho-
logical and behavioural symptoms of an acute physical illness.**
In the early 1990s, the ‘macrophage theory’ of depression postulated
that activated macrophages secrete proinflammatory cytokines that
either precipitate or exacerbate a moodstate.>® Since then, numerous
studies have linked the inflammatory response system to both MDD
and bipolar disorders. Interest in this line of research has been fos-
tered by the observation that nearly all chronic and autoimmune
disorders are associated with a high comorbidity of depressive
symptoms. For example, more than half of patients with rheuma-
toid arthritis or systemic lupus erythematosus experience depressive
symptoms.** Similarly, patients with Crohn disease and comorbid
depression experience exacerbations of co-occurring physical and
depressive symptoms.> In a recent meta-analysis of anti-cytokine
agents in autoimmune disorders, these medications were reported
to lead to a significant improvement of depressive symptoms.”®
Although the effect size for these medications is small to moderate,
it is comparable with the effect size observed with traditional anti-
depressant medications.””*®

During the past decade, many cross-sectional observational
studies have investigated peripheral inflammatory biomarkers in
MDD. A meta-analysis of 82 such studies comprising over 3000
patients reported that levels of interleukin (IL)-6, IL-10, Il-12, IL-
13, IL-18, the soluble IL-2 receptor (sIL-2R), tumour necrosis
factor — alpha (TNF-a), the soluble TNF receptor 2 (sTNFR2),
and chemokine ligand 2 (CCL-2) are significantly elevated in indi-
viduals with MDD compared with healthy controls.”’ In another
recent meta-analysis of 37 studies comprising 13 541 patients with
depression and 155728 controls, half of those with depression
showed low-grade inflammation as evidenced by a C-reactive
protein (CRP) level >1 mg/L, and a quarter had a CRP level >3
mg/L.*

Other meta-analyses have shown that traditional antidepres-
sants (for example selective serotonin reuptake inhibitors (SSRIs)
and serotonin-noradrenaline reuptake inhibitors) are associated
with a reduction in IL-6, TNF-a and CCL-2*' and that persistently
elevated TNF-a is associated with treatment resistance.”>*’
Retrospective cohort studies indicate that inflammation may play
a role in the onset of mood symptoms and that elevated peripheral
inflammatory markers in early life are predictive of adult depressive
symptomology.’***

Within the literature, there is significant heterogeneity between
studies and in particular, there are substantial differences in how
comorbidities are controlled for. This is particularly important as
protein-based inflammatory markers such as CRP fluctuate and
are influenced by multiple factors including body mass index
(BMI), medications, exercise, diet and substance use; all of which
are difficult to account for and poorly reported in studies.*®
Furthermore, there is evidence that IL-6 and CRP operate
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through multiple physiological pathways, which are not solely upre-
gulated during the inflammatory response.’” In addition, CRP has a
second isoform that is produced in the absence of inflammation and is
postulated to have a net anti-inflammatory effect.”” Notwithstanding
these limitations, current evidence supports an association between
abnormal inflammatory processes and depressed mood, in at least a
subset of individuals.

Much of the evidence in patients with bipolar disorders has been
based on cross-sectional studies indicating that an activated inflam-
matory response may be associated with a mood state.”® As with
MDD, several immune-related disorders, such as autoimmune dis-
orders, obesity, type 2 diabetes and cardiovascular disease, have a
higher rate of incidence in patients with bipolar disorders than in
the general population.” Patients with bipolar disorders are also
at higher risk for inflammation-associated metabolic syndromes
such as myocardial infarction, stroke, atherosclerosis and hyperten-
siop, 1140-43

Examination of post-mortem brain tissue can provide valuable
insights into a possible association between mood disorders and
neuroinflammation. In a meta-analysis of post-mortem studies of
brains of patients with MDD measuring cytokines, chemokines
and cell-specific markers of microglia and astrocytes, two studies
found increased markers of microglia in MDD and four studies
found no differences between MDD and healthy controls.**
Another similar meta-analysis had inconsistent results.*” Several
of the 51 studies included in the meta-analysis showed evidence
of inflammation in post-mortem brain samples of patients with
bipolar disorders. However, these 51 studies evaluated different bio-
markers of neuroinflammation: presence of infiltrating peripheral
immune cells in the central nervous system, cytokines levels or
microglia activation and very few evaluated these different biomar-
kers in the same post-mortem brain sample. Eight of 15 studies in
the meta-analysis found no effect of bipolar disorders on microglia
cell markers; 9 of 17 studied did not find any effect of bipolar disor-
ders on astrocyte cells, whereas eight found a decrease, and two
reported both an increase and a decrease in different brain
regions.” Given the heterogeneity of both the methods and
results of these post-mortem studies, one cannot reach a conclusion
from them whether there is a causal link between neuroinflamma-
tion and mood disorders. Future studies are needed to address
this heterogeneity in the current post-mortem literature.

Given the limitations of post-mortem studies in mood disor-
ders, the measurement of in-vivo indices related to neuroinflamma-
tion using brain imaging can provide additional evidence for a
possible association between abnormal inflammatory processes
and mood symptoms. In recent years, positron emission tomog-
raphy (PET) has been used to evaluate glial cells in MDD.
Translocator protein-18 kDa (TSPO) volume distribution (Vr) is
used as a measure of microglial activation because it is elevated
in microglia that have morphological features of being activated.
A PET study quantifying TSPO V' with an early TSPO radiotracer
- ["'C]PK11195 - showed increased microglial activation in
patients with bipolar disorders (n = 14) compared with healthy con-
trols (n=11).%

To our knowledge, no other published PET studies have
investigated neuroinflammation in bipolar disorders. In a meta-
analysis of PET studies in MDD, TSPO Vy was elevated in
patients with MDD compared with controls in the anterior cingu-
late cortex (standardised mean difference (SMD)=0.78, 95%
CI 0.41-1.16) and temporal cortex (SMD =0.52, 95% CI 0.19-
0.85). However, recent evidence shows that TSPO displays incom-
plete specificity for microglia, and hence may be an unreliable
radiotracer of neuroinflammation.”” Future PET studies of
central inflammation in mood disorders should use more sensi-
tive radiotracers.


https://doi.org/10.1192/bjo.2020.43

Fig. 1 Inflammation and mood disorders.
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This figure has been simplified to focus on the main putative associations between inflammation and mood disorders. Chronic stress and early-life adversity can lead to persistent
activation of the inflammatory response system. Proinflammatory cytokines released by an activated immune response can reach the brain via three main routes: humoral, cellular
and neural. These cytokines lead to alterations in serotonin metabolism, increased glutamate and oxidative stress. The downstream effect of these alterations in neural circuits may
lead to the onset and persistence of mood symptoms. IL, interleukin; TNF, tumour necrosis factor.

Putative pathophysiological models linking
inflammation to MDD and bipolar disorder

Mechanistic studies are yet to confirm how inflammation may
induce a mood episode in a subset of individuals. However,
current theories on the ‘inflammatory model’ of depression postu-
late that in a subset of individuals with depression, psychosocial
stress leads to the activation of the sympathetic nervous system
and subsequent release of catecholamines (for example, norepin-
ephrine), which stimulates bone marrow production and the
release of myeloid cells (for example, monocytes) into the periphery.
Monocytes are the main producers of inflammatory cytokines; once
they enter the periphery, it is hypothesised that they can encounter
stress-induced damage-associated molecular patterns (DAMPs)
and microbial-associated molecular patterns (MAMPs) leaked
from the gut, for example bacteria and bacterial products.*® These
DAMPs and MAMPs then lead to the activation of inflammatory
signalling pathways and the release of proinflammatory cytokines
including TNF and IL-6, which can cross the blood-brain barrier
through cellular, humoral and neural routes*® (see Fig. 1).

In the brain, the activated central inflammatory response influ-
ences neurotransmitter systems via metabolic or molecular path-
ways and by increasing the expression and functioning of
presynaptic reuptake pumps.*®*® Several cytokines activate indolea-
mine 2,3-dioxygenase, which breaks down tryptophan, the primary
precursor of serotonin, into kynurenine.’>*' This shunting of the
production of serotonin towards kynurenine, combined with
increased reuptake from the presynaptic serotonin pump, can lead
to serotonin depletion. Furthermore, the kynurenine pathway is
hypothesised to disrupt glutamate metabolism, leading to reduce
astrocytic glutamate reuptake and stimulation of astrocyte gluta-
mate release, leading to excess glutamate®>>® and reduced brain-
derived neurotrophic factor (BDNF).>* Inflammatory effects on
growth factors such as BDNF in the dentate gyrus of the hippocam-
pus may affect learning and memory in patients with mood
disorders.*®

Proinflammatory cytokine effects on dopamine can also inhibit
several aspects of reward motivation in corticostriatal circuits
involving the basal ganglia, ventromedial prefrontal cortex and sub-
genual and dorsal anterior cingulate cortex, while also activating
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circuits in the amygdala and hippocampus.*® These physiological
changes may present clinically as decreased motivation (anhedo-
nia), avoidance, arousal, fear and alarm (anxiety) — core symptoms
of depression and significant perpetuating factors for a depressive
mood state.*®

Although there are fewer studies examining putative associa-
tions between abnormal inflammatory processes and bipolar disor-
ders, similar pathways may be involved. These include alterations in
dopamine and glutamate metabolism and changes in proinflamma-
tory cytokines, potentially leading to mitochondrial dysfunction
and consequent increase in apoptosis, cell membrane damage and
protein aggregation.”” In the context of bipolar disorders, increased
dopamine release is postulated to lead to the formation of free radi-
cals, causing oxidative damage.”® Mitochondrial electron transport
chain dysfunction may in turn produce more free radicals.”’
Activation of a proinflammatory cytokine receptor, such as TNF-a
and IL-6 can lead to apoptosis through caspase activation and nitric
oxide production.”

Glutamate may also cause excitotoxic damage in bipolar disor-
ders through activation of the N-Methyl-p-aspartate receptor,
which increases calcium influx and consequent nitric oxide produc-
tion, leading to nitrosative damage to DNA, proteins and lipids.SS’58
Oxidative and nitrosative damage can induce cell membrane
damage, protein aggregation and apoptosis. This cascade has been
hypothesised to lead to changes that result in the manifestation of
depressive, manic and mixed episodes in bipolar disorders.’®

Use of immunomodulatory agents for the treatment of
MDD and bipolar disorder

Given the prevalence of treatment-resistant depression in patients
with MDD or bipolar disorders, it is likely that a subset of these
patients do not respond to current standard antidepressant treat-
ments because their treatment does not engage the appropriate
neurobiological target. Conversely, if an activated inflammatory
response is associated with MDD and bipolar disorders, therapeutic
interventions targeting this pathophysiological process may confer
benefit, at least in a subset of individuals.
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In recent years, several studies have assessed the effect of immu-
nomodulatory agents in neuropsychiatric disorders including MDD
and bipolar disorders. These studies have most commonly evaluated
non-steroidal anti-inflammatory drugs (NSAIDS), cytokine inhibi-
tors and pleiotropic agents such as minocycline or N-acetylcysteine
(NAC). Herein, we review evidence from selected clinical trials of
these agents in MDD and bipolar disorders. Tables 1 and 2
outline the studies included.

Use of immunomodaulatory agents for the treatment of
MDD

In the first published RCT of the selective cyclooxygenase (COX)-2
inhibitor celecoxib for the treatment of MDD, celecoxib (in addition
to reboxetine) was more efficacious than placebo in reducing
depressive symptoms.” The reduction in scores on the Hamilton
Rating Scale for Depression (HRSD) from baseline to end of trial
was 55% in the celecoxib/reboxetine group compared with 33% in
the placebo group; 75% of the participants in the celecoxib/reboxe-
tine group were responders compared with 45% in the placebo
group.” Following this initial encouraging pilot study, there have
been favourable results in trials of celecoxib in MDD as an augment-
ing agent to sertraline and fluoxetine.**"**

Two studies assessed celecoxib as an augmenting agent to ser-
traline; both reported significantly greater changes in HRSD
(mean difference 3.35 (95% CI 1.08-5.61), #(38) =2.99, P=0.005
and (13.7 (s.d. = 3.8) v. —8.8 (s.d. = 4.5)) in the celecoxib group com-
pared with placebo group.®** The third compared celecoxib with
fluoxetine and reported a significant difference between the two
treatments at the end-point (week 6) (t=3.35, d.f.=38, P=
0.001), also reporting a significant group x time interaction.®

Further candidate inflammatory targets for treatment of MDD
would include inflammatory cytokines, adhesion molecules and cel-
lular components of the inflammatory response.®® Cytokine inhibi-
tors (for example infliximab) target inflammatory cytokines such as
TNF-q, IL-1, IL-6R, and IL-12/23 and the cell adhesion molecule
a4-integrin. They are approved by the US Food and Drug
Administration and recommended by the UK National Institute
for Health and Care Excellence for the treatment of autoimmune
disorders including rheumatoid arthritis, ulcerative colitis, Crohn
disease, psoriasis, multiple sclerosis and ankylosing spondylitis.
A recent systematic review of these cytokine inhibitors in patients
without a diagnosis of MDD showed that these drugs lead to an
overall improvement in depressive symptoms compared with
placebo, independent of their effect on physical health.*® In RCT
in patients with treatment-resistant MDD, there was no overall dif-
ference between infliximab and placebo, even when controlling for
baseline level of inflammation.®* A phase II trial of an anti-IL-6
mADb (sirukumab) in patients with MDD and elevated plasma
CRP (ClinicalTrials.gov Identifier: NCT02473289) is awaiting
publication.

Another candidate immunomodulatory agent for the treatment
of MDD is the anti-inflammatory tetracycline antibiotic minocyc-
line. This pleiotropic agent is postulated to have antidepressant
action by inhibiting neurotoxic factors (i.e. proinflammatory cyto-
kines, reactive oxygen species) released by activated microglia,
and by inducing neuroprotective factors (i.e. anti-inflammatory
cytokines, antioxidants, neurotrophic factors) released by astro-
cytes.®” Minocycline has been studied as a monotherapy or an aug-
menting agent in patients with MDD. As a monotherapy, it was
shown to have clinically significant improvements in depressive
symptoms compared with placebo in patients with HIV and
comorbid MDD.

Three clinical trials have evaluated minocycline as an augment-
ing agent in MDD: two (one open-label study, one RCT) reported
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significant reductions in depressive symptoms with minocyc-
line;?”°® the third one, an RCT in 41 patients with treatment-resist-
ant MDD, reported a mean change in HRSD scores of over 18 points
in the minocycline group, compared with —0.2 in the placebo group
(effect size —1.21, P < 0.001).°® Given the large effect size and small
sample size, this study is now being replicated in a larger sample
(ClinicalTrials.gov Identifier: NCT03947827).

In a separate RCT of minocycline in 71 patients with MDD (not
necessarily treatment resistant), the investigators reported no sig-
nificant difference in the reduction on the Montgomery-Asberg
Depression Rating Scale (MADRS) across the 12 weeks of treatment
between the minocycline and placebo groups, effect size 0.46 (95%
CI —-7.1 to 3.2), P=0.02. However, there was a significant improve-
ment in psychosocial function in the minocycline group.”” In a
recent meta-analysis, the antidepressant effect of minocycline had
an overall moderate and statistically significant effect size (—0.78,
95% CI —0.4 to —1.33, P = 0.005).”°

NAC is an over-the-counter supplement that has peripheral and
central immunomodulatory effects. NAC has been studied across
multiple psychiatric diagnoses,”’ appearing safe and effective for
schizophrenia, but lacking consistent evidence of efficacy in MDD
and bipolar disorders. For MDD, one published RCT in a reason-
ably large sample (n =252) showed that adjunctive NAC was not
efficacious in reducing depressive symptoms compared with
placebo.”? More recently, a smaller study (1 = 57) compared NAC
versus placebo in patients with MDD or bipolar disorders, with evi-
dence of inflammation at baseline (CRP>3 mg/L) or low baseline
inflammation (CRP < 3 mg/L).73 Those with high baseline inflam-
mation had a significantly greater reduction in depressive symp-
toms with NAC than with placebo but the analysis did not
separate those with MDD or bipolar disorders (P = 0.04).”* These
findings suggest that NAC may be effective in patients who
exhibit an inflammatory biotype.

A recent meta-analysis evaluated the efficacy and safety of anti-
inflammatory agents as monotherapy or adjunctive treatment for
MDD.”* The drugs included in this review were celecoxib, eicosa-
pentaenoic acid (EPA), docosahexaenoic acid (DHA), lovastatin,
atorvastatin, simvastatin, minocycline, pioglitazone, modafinil and
NAC. Overall, in this analysis of 26 RCTs, anti-inflammatory
agents reduced depressive symptoms (SMD =-0.55, 95% CI
—0.75 to —0.35, I* = 71%) and were associated with higher response
(relative risk (RR) = 1.52, 95% CI 1.30 to 1.79, I = 29%) and remis-
sion rates (RR = 1.79, 95% CI 1.29 to 2.49, P= 41%) compared with
placebo.”* Anti-inflammatory agents were shown to be safe, with
the only significant difference between them and placebo being
the incidence of gastrointestinal adverse events.”* The authors
asserted that, based on the evidence of their analysis, anti-inflamma-
tory agents are effective and relatively safe treatment options for
MDD. However, some key limitations detract from this conclusion.
The authors included medications that do not have direct anti-
inflammatory effects: omega-3, pioglitazone, statins, and modafinil
(which has therapeutic mechanisms similar to traditional monoa-
minergic antidepressants). They also did not include a number of
studies that appeared to have met their inclusion criteria and that
have been included in previous meta-analyses.'””> Moreover,
although the safety of these medications was reported as favourable,
adverse events were poorly reported in the original studies.””

The latter comment regarding safety is salient as the literature
would suggest safety is yet to be reliably established, particularly
with the short duration of most trials.”” NSAIDs are well documen-
ted to have more concerning side-effects than traditional antide-
pressants, specifically gastric bleeding and impaired renal
function. Further, celecoxib is known to increase the risks of cardio-
vascular events.'’ This risk is not completely understood in the
context of MDD and bipolar disorders, which are both conditions
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Table 1 Identified clinical trials of anti-inflammatory agents in major depressive disorder (MDD)

NSAIDs
Miller et al (2006)>

Akhondzadeh et al (2009)%°

Abbasi et al (2012)?
Majd et al (2015)®
Cytokine inhibitors

Raison et al (2013)**

Minocycline

Emadi-Kouchak et al
(2016)%°

Husain et al (2017)%®

Dean et al (2017)%?

N-Acetylcysteine
Berk et al (2014)”?

Porcu et al (2018)"°

NSAIDs, non-steroidal anti-inflammatory drugs; NARI, selective noradrenaline reuptake inhibitor; 0.d., once daily; HRSD, Hamilton Rating Scale for Depression; SSRI, selective serotonin reuptake inhibitor; b.i.d., twice daily; TAU, treatment as usual; MADRS, Montgomery-Asberg
Depression Rating Scale; CRP, C-reactive protein; NR, not reported.

40

40

40

30

60

50

41

71

269

NR

18

37

37

23

60

46

41

71

207

57

None/No

None/No

None/No

None/No

None/No

HIV/No

None/No

None/No

None/No

None/No

MDD, DSM-IV
MDD, DSM-IV
MDD, DSM-IV

MDD, DSM-IV

MDD

MDD, HRSD <18
MDD, DSM-V

MDD, DSM-IV

MDD, DSM-IV

MDD/bipolar disorders,
DSM-IV

NARI + celecoxib 400 mg o.d. (n =20)
v. NARI + placebo 0.d. (n =20)
SSRI + celecoxib 200 mg b.i.d. (n = 20)
V. SSRI + placebo b.i.d. (n =20)
SSRI + celecoxib 200 mg b.i.d. (n=15)
V. SSRI + placebo b.i.d. (n = 15)
SSRI + celecoxib 100 mg b.i.d. (n = 20)
V. SSRI + placebo b.i.d. (n = 20)

Three infusions at week 0, 2, 6 of
infliximab 5 mg/kg (n = 30) v.
placebo (n = 30)

Minocycline 100mg b.i.d.? v.
placebo b.i.d.?

TAU+ Minocycline 200mg o.d. (n =
21) v. TAU + placebo o.d. (n = 20)

TAU + Minocycline 200mg o.d. (n =
36) v. TAU + placebo o.d. (n = 35)

TAU + NAC 500 mg b.i.d. (n = 135) v.
TAU + placebo b.i.d. (n = 134)
CRP>3:TAU+NAC 1.8g0.d. (n =15)
v. TAU + placebo o.d. (n = 12)
CRP<3:TAU+NAC 1.8g0.d.(n=
10) v. TAU + placebo o.d. (n = 30)

6 weeks

6 weeks

6 weeks

8 weeks

12 weeks

6 weeks

12 weeks

12 weeks

12 weeks

12 weeks

Final HRSD: 7.9, s.d.=7.1
HRSD change: -13.2, s.d. =4.26
HRSD change: -13.4, s.d.=3.88

Final HRSD: 7.9, s.d.=4.0

HRSD change: -7.6, s.d.=7.0

HRSD change: -3.83, s.d.=1.92
HRSD final score: 15.1, s.d. =13.2

Final MADRS: 15.8, s.d.=10.6

MADRS change: -12.2, s.e. = 0.9

CRP > 3: Final HDRS: 5.20, s.d. =
6.53
CRP < 3: Final HDRS: 4.67, s.d. =
4.33

Final HRSD: 12.1, s.d.=8.3
HRSD change: -10.2, s.d. =3.77
HRSD change: -10.5, s.d.=3.15

Final HRSD: 10.4, s.d.=3.0

HRSD change: -9.6, 5.d.=7.0

HRSD change: -1.65, s.d. =2.12

HRSD final score: 32.0, s.d. =
11.8
Final MADRS: 19.8, s.d.=9.8

MADRS change: -10.7, s.e.=1
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Table 2 Identified clinical trials of anti-inflammatory agents in bipolar disorders

Cytokine inhibitors
Mclintyre et al (2019)*°

Minocycline
Savitz et al (2018)*

N-acetylcysteine (NAC)
Berk et al (2008)%

Bauer et al (201)%

Porcu et al (2018)7%

Ellegaard et al (2019)%”

Berk et al (2019)%

60

99

75

38

NR

80

181

58

95

75

24:20

57

80

148

None/Yes

None/No

None/No

None/No

None/No

None/No

None, No

Bipolar disorders (1 or 2) current
depressed episode, DSM-5

Bipolar disorders (1, 2, or NOS,
current MDE), DSM-IV

Bipolar disorders (Stable bipolar
disorders 1 or 2)

Bipolar disorders (1 or 2
experiencing MDE or mixed
episode), DSM-IV

MDD/bipolar disorders, DSM-IV

Bipolar disorders (1 or 2 current
episode depressed MADRS > 17),
DSM-IV

Bipolar disorders (1 or 2 current
MDE), DSM-IV

Three infusions at week 0, 2, 6 of infliximab
5mg/kg (n = 29) v. placebo (n = 31)

TAU + minocycline 100 mg b.i.d. + ASA 81 mg b.i.
d. (n = 31) v. TAU + minocycline 100 mg b.i.d. +
placebo (n = 19) v. TAU + ASA 81 mg b.i.d. +
placebo b.i.d. (n = 19) v. TAU + placebo b.i.d.

(n =30)

TAU +NAC 1 g b.i.d. (n = 38) v. TAU + placebo b.i.
d. (n=37)

TAU + ASA 500 mg

b.i.d. v. TAU + NAC 500 mg b.i.d. v. TAU + ASA
500mg b.i.d. + NAC 500 mg b.i.d. v. TAU +
placebo b.i.d.

CRP >3: TAU + NAC 1.8g 0.d. (n = 15) v. TAU +
placebo 0.d. (n = 12)

CRP<3: TAU+NAC 1.8 g 0.d. (n = 10) v. TAU +
placebo o.d. (n = 30)

TAU +NAC 1500 g b.i.d. (n = 40) v. TAU + placebo
b.i.d. (n =40

TAU +NAC 2000 mg o.d. (1 =59) v. TAU + NAC
2000 mg 0.d. + combination nutraceutical
treatment (n =61) v. TAU + placebo (n = 61)

12 weeks

6 weeks

24 weeks

16 weeks

12 weeks

20 weeks

16 weeks

MADRS LSM change: —10.97

Final MADRS: minocycline +
ASA: 14.5,5.d.=89
minocycline + placebo:15.5,
sd.=8

ASA +placebo:12.3, s.d. = 8.4

Final MADRS: 6.6, s.d.=7.4

Final MADRS:

NAC: week 8: 10.13,
s.d.=9.78; week 16: 11.38,
s.d.=10.36

ASA: week 8: 12, s.d.=11.34;
week16: 7.25, s.d. =5.91
NAC+ ASA: week 8:7.5,s.d. =
10.46; week 16: 5, s.d. =6.25
CRP > 3: Final HDRS: 5.20,
6.53 (SD)

CRP < 3: Final HDRS: 4.67, s.d.
=4.33

Final MADRS: 16.3, 5.d.=2.3

MADRS change:

NAC: -14.2,s.e.=17
combination nutraceutical
treatment: -13.2, s.e.=1.8

MADRS LSM change: -11.73

Final MADRS: 16.0, s.d.=9.6

Final MADRS: 14.0, s.d. =
1.5

Final MADRS: week 8:7.13,
s.d.=8.29; week 16: 13.6,
s.d.=13.83

CRP > 3: Final HDRS: 7.33,
s.d.=7.84

CRP < 3: Final HDRS: 5.77,
s.d.=5.72

Final MADRS: 15.6, s.d.=2.4

MADRS change:
-129,se.=17

MADRS, Montgomery-Asberg Depression Rating Scale; LSM, least squares mean; NOS, not otherwise specified; MDE, major depressive episode; TAU, treatment as usual; b.i.d., twice daily; ASA, aspirin; CRP, C-reactive protein; NR, not reported.
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associated with an independent risk for cardiovascular
disease.*"”®”” With respect to the cytokine inhibitors, these have
been associated with opportunistic infections such as tuberculosis
because of immunosuppression.”® Given the high risks of immuno-
suppression and adverse side-effects with these agents, it is import-
ant to proceed cautiously when designing clinical trials in patients
with mood disorders especially given the high degree of physical
comorbidity in this population.””

Use of immunomodaulatory agents for the treatment of
bipolar disorder

Open-label studies of minocycline have shown significant improve-
ments in depressive symptoms in patients with bipolar disorder
depression.®""®* A recent meta-analysis of eight published RCTs of
immunomodulatory agents in bipolar disorder depression showed
an overall effect size of —0.40 (95% CI —0.14 to —0.65, P =0.002),
suggesting a moderate antidepressant effect with good overall toler-
ability."? Included drugs were DHA/EPA, celecoxib, aspirin, piogli-
tazone and NAC. Subgroup analysis of each class of drug revealed
non-significant effect sizes, with the exception of NAC. This ana-
lysis was limited by the dearth of studies in bipolar disorders limit-
ing the power.

Since the publication of this meta-analysis, a relatively large
(n=99) 2x2 factorial design trial of minocycline and aspirin
showed no main effect for either treatment, although participants
with elevated IL-6 appeared to have a more favourable response
to adjunctive minocycline compared with placebo.*> Future
studies are needed to assess the efficacy and safety of minocycline
in treating bipolar depression; we are aware of at least one large
study currently underway to assess the efficacy of both minocycline
and celecoxib for bipolar depression.**

An early study of NAC in bipolar depression was promising
with NAC treatment leading to a significant improvement on the
MADRS (least squares mean difference -8.05 (95% CI -13.16 to
2.95), P=0.002) compared with placebo.*> However, a meta-ana-
lysis that included two RCTs in bipolar disorders found there was
no significant group differences in antidepressant effects (n =124,
SMD = —0.59, 95% CI —1.48 to 0.3, I’ =83% P =0.19).”"

Subsequently there have been several studies assessing its effi-
cacy in treating bipolar disorder depression. The largest of these
studies was in 148 patients with bipolar disorder depression who
were treated adjunctively with either NAC, NAC plus a nutraceut-
ical agent that may increase mitochondrial biogenesis or placebo.*®
The analysis of the primary outcome was negative, with no differ-
ence in change in depressive symptoms among the three groups.
However, there was a significant improved delayed response (20
weeks post-discontinuation) in the NAC plus nutraceutical
group.®® In another study of the efficacy of adjunctive NAC in 80
patients with bipolar disorder acute depression, NAC was not
superior to placebo.®”

However, in a recent study comparing NAC, aspirin, NAC plus
aspirin and placebo, at 16 weeks,

NAC plus aspirin was associated with a higher rate of response
(67%), than NAC alone (57%), placebo (55%) or aspirin (33%)
alone.*®

To our knowledge only one RCT has prospectively stratified
patients based on evidence of inflammation. A recent 12-week
RCT evaluated the effects of adjunctive intravenous infliximab for
the treatment of bipolar depression in patients with biochemical
(i.e. elevated CRP >5 mg/L) or phenotypical (i.e. obesity, diabetes
type 1 or 2, inflammatory bowel disease, rheumatological disorder,
daily cigarette smoking, or migraine headaches) evidence of inflam-
mation. Despite this stratification, infliximab showed no reduction
in overall depressive symptoms compared with placebo.** The
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authors did, however, report an association between early childhood
adversity and response to infliximab, suggesting a possible subgroup
of patients who could benefit from this form of treatment.

There is some evidence from a few small studies suggesting that
immunomodulatory medications are beneficial in mania. In a recent
meta-analysis of three RCTs of celecoxib, aspirin and NAC, respect-
ively, the overall effect size for treatment of manic symptoms was
—0.72 (95% CI —1.31 to —0.13, P=0.02)."°

In a secondary analysis of a large study of 482 patients with
bipolar disorders receiving either lithium or quetiapine, the trajec-
tory of either depressive or manic symptoms did not significantly
differ in patients taking concomitant NSAIDs acetaminophen (n
=177) and, those who did not.”® However, anti-inflammatory
drugs in this study were not the study medication and were only
self-reported by patients. Given the small number of reliable
studies and their small samples, one cannot draw firm conclusions
from their findings, although they suggest that further, well-
designed trials investigating the antimanic effects of immunomodu-
latory agents are warranted.

Overall, although there are some small promising studies in
bipolar disorders, results from recent large replication studies
have been negative. Some post hoc analyses suggest that immuno-
modulatory agents may be effective for a subset of patients (for
example those with elevated IL-6 or those with a history of child-
hood adversity). However, further work is required to confirm
these findings and establish whether some clinical or biological phe-
notypes may be more responsive to these drugs.

Discussion

Main findings

This critical review highlights converging evidence for a bidirec-
tional relationship between an activated inflammatory response
and the onset and persistence of mood symptoms in a subset of
patients. However, few prospective studies have been conducted
thus far and using this approach could provide vital insight into a
putative causal link between inflammation and mood disorders.
Current evidence suggests that an activated inflammatory response
is associated with treatment resistance and may predict poor
response to traditional antidepressant medications.”"*> However,
results from clinical trials of immunomodulatory agents in mood
disorders have been conflicting and the efficacy of these drugs is
yet to be established.

Interpretation of our findings

One potential explanation for the inconsistent findings from RCT's
of immunomodulatory agents is that these treatments have not been
targeted towards an ‘inflamed’ subset of patients. Very few studies
included in this review stratified treatment based on a priori
markers of an activated immune response. Only about 30% of indi-
viduals with MDD show peripheral evidence of inflammation and
immunomodulatory agents are only likely to benefit this specific
subset of individuals.’® Nonetheless, results from the recent study
of infliximab for bipolar depression has shown that stratifying
patients based on peripheral markers of inflammation such as
CRP or phenotypic evidence of inflammation does not necessarily
confer benefit from immunomodulatory agents.*’

Choice of candidate peripheral biomarkers

A major gap in the current evidence relates to the choice of candi-
date biomarkers that could be utilised to stratify patients to an
‘inflamed’ subtype. Historically, when utilised, studies have used
individual peripheral inflammatory markers such as CRP, IL-6 or
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TNF-a. This approach is limited as acute phase proteins and
inflammatory cytokines are highly influenced by multiple
factors including diet, BMI and smoking status. Moreover, each
individual marker may have varying degrees of inflammatory
versus anti-inflammatory properties.”®*” Recent studies suggest
that using composite measures may be a more suitable approach.
One such study developed a multisystem data-driven composite
inflammatory biomarker, using POLG, ADARBI, OGG, 8-
oxoGuo, leucocytes and age, to distinguish patients with bipolar
disorders from healthy controls with a sensitivity of 73% and spe-
cificity of 71%.”

Utilising computer generated binary clustering, another study
was able to stratify patients with MDD to ‘inflamed’ and ‘unin-
flamed’ subtypes using peripheral immune cell counts. The
inflamed subgroup had increased monocyte, CD4", neutrophil
counts, CRP and IL-6. This subgroup also had more severe
depressive symptoms.” Furthermore, there is evidence that
symptom clusters of depression may contribute to the ‘inflamed’
subtype; for example anhedonia has been associated with
increased CRP and atypical depressive symptoms (increased
appetite, weight gain) have been associated with increased CRP,
IL-1RA and IL-6.”>

Combining peripheral and central markers of
inflammation

To date, most studies have focused solely on peripheral markers of
inflammation and a more informative approach may be to assess
these alongside sophisticated neuroimaging techniques such as
PET imaging or more invasive measures of central inflammation,
for example in cerebrospinal fluid. This would allow the assessment
of the correlation between the central markers of inflammation and
the more pragmatic peripheral markers. For instance, a recent
study, utilising a composite approach, measured the blood serum
concentration of several products synthesised by activated microglia
and to some extent astroglia — for example prostaglandin E, (PGE,),
prostaglandin F, alpha (PGF,,), and TNF-a - and controlled by
CRP. This study showed that In(PGE,/CRP) and In(TNF-a/CRP)
consistently correlated with TSPO V- (and hence microglial activa-
tion and neuroinflammation) in patients with MDD.”” If this
approach leads to the identification of peripheral markers that are
surrogate markers of neuroinflammation, they can then be used
in future RCTs of immunomodulatory therapeutics. Taken
together, utilising peripheral and central markers of inflammation
and targeting specific symptom clusters in patients with mood dis-
orders may provide more consistent results in clinical trials of
repurposed or novel immunomodulatory drugs.

Addressing the heterogeneity of mood disorders

Finally, it is also important to consider the heterogeneity of mood
disorders as an ongoing challenge in designing RCTs of any novel
intervention. Using the Research Domain Criteria approach to
examine specific symptom subsets (for example anhedonia, motiv-
ation, suicidal ideation) rather than solely relying on traditional
assessment scales, may be a more sensitive way to assess the efficacy
of immunomodulatory agents. Future trials should use the existing
evidence on inflammatory biomarkers to recruit and stratify parti-
cipants who may be more likely to respond to repurposed or
novel immunomodulatory medications. Although further trials of
these agents remain warranted, they must incorporate enriched
patient samples and mechanistic evaluations into their design.
Otherwise, the promise of translating the use of these agents to
the clinic is likely to remain unfulfilled.
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