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Abstract

Current lines of research into mood disorders indicate that immune mediators participating
in the pathophysiology of chronic somatic disorders have potent influences on brain
functions, even when these mediators are produced in peripheral tissues. Elevated levels of
circulating immune molecules have been consistently associated with depressive symptoms
in a number of clinical populations and experimental models, to the extent that major
depressive disorder (MDD) is now seen, at least in part, as a disorder of immunity. This
paradigm has brought to the fore the use of anti-inflammatory therapies as adjunctive to
standard antidepressant therapy with the hope to improve treatment efficacy, particularly in
those cohorts that do not respond well to standard medication. Such new practice requires
the availability of biomarkers to tailor these new therapies to those most likely to benefit but
also clear mechanisms of action describing the interaction between peripheral immunity and
brain function. These mechanisms are generally studied in preclinical models that try to
recapitulate the human disease through peripherally induced sickness behaviour as the
model for immune-induced MDD. After an appraisal of the data in rodent models and their
adherence to the data in clinical cohorts, we propose a modified model of periphery-brain
interaction that goes beyond the currently established view of interaction between peripheral
cytokines and microglia cells as the driver of depression. Instead, we suggest that brain
barriers are primary actors in the communication between body and brain and, as a
consequence, in the pathophysiology of the disease. This model suggests novel biomarkers,
novel targets for therapies as well as a novel mechanism for resistance to standard

treatments.
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Introduction

Depression, also known as major depressive disorder (MDD), is an illness that is common as
it affects ~ 5.0% of the adult population (1) and is one of the three leading causes of disability
worldwide (2). To be diagnosed with MDD one should experience depressive episodes
characterized by depressed mood (sadness, irritability, emptiness) or anhedonia (loss of
pleasure or interest in activities), for most of the day, nearly every day, for at least two weeks
(3). Other symptoms may also be present such as poor concentration, feelings of guilt or low
self-worth, hopelessness about the future, disrupted sleep, changes in appetite or weight,

tiredness, and thoughts about dying or suicide (3).

A number of medications used to treat MDD mostly act by increasing monoamine levels in
the brain (4). Treatment efficacy is quite variable and must be tailored to the tolerance of the
treatment that also varies substantially (5). Frequently however, even with multiple
medication exposures, pharmacological treatments fail to improve MDD symptoms with as
many as one third of individuals not achieving full symptomatic remission (6), and even

fewer meeting criteria for both symptomatic and functional remission (7, 8).

The pressing need for better treatments has translated into the search for novel mechanisms
of MDD, with a substantial amount of data pointing to the inflammatory response as an
important contributor to its pathophysiology (9); in particular, elevated markers of
peripheral inflammation are associated with treatment resistance (10). In this manuscript we
will first outline the current view on the role of peripheral immunity in MDD, and review the
relevant associative and causal data in clinical cohorts and in preclinical models. Since
insights into the mechanistic links between peripheral and brain immunity have been
gathered in preclinical models of sickness behaviour, we review the potential problems in the
translation of these models into MDD cohorts. We then propose a different model for brain-
immunity interactions that, in our view, accommodates better all hitherto available data as
well as novel data obtained via functional and structural imaging in MDD cohorts, including
both magnetic resonance imaging (MRI) and positron emission tomography (PET). This
model predicts testable mechanisms for treatment resistance, and points to both state (e.g.,
functional) and trait (e.g., structural) biomarkers of immune-related MDD as well as to novel

targets for pharmacological intervention.

Depression as a Disorder of Immunity
MDD patients exhibit all the cardinal features of inflammation, with elevations in
inflammatory cytokines, acute phase proteins, chemokines, adhesion molecules, and

inflammatory mediators such as prostaglandins, in peripheral blood (9, 11). Increased
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peripheral inflammatory markers in MDD have been consistently replicated in many studies
and further documented in recent meta-analyses and large studies (12-14). Most reliable
markers of inflammation in MDD relate to the acute phase protein CRP (C-reactive protein)

and cytokines of the innate immune response (TNF-a, IL-6, IL-12, IL-18) (12-14).

From an experimental medicine perspective, acute and chronic administration of cytokines
(or cytokine inducers such as lipopolysaccharide [LPS] or vaccination) can cause behavioural
symptoms that overlap with those found in major depression (15-18). For example, 20% to
50% of patients receiving chronic IFN-alpha therapy for the treatment of infectious diseases
or cancer develop clinically significant depression which can respond to antidepressants (15).
At the same time, blockade of peripheral inflammation has been shown to reduce depressive
symptoms in patients with severe and chronic inflammatory conditions (19, 20).
Importantly, meta-analyses of randomised control trials (RCTs) have confirmed that
patients with MDD receiving anti-inflammatory agents have responded better to

antidepressant treatment, with higher remission rates than those receiving placebo (21, 22).

Mechanisms of Peripheral-Central Immunity Interactions in MDD

The mechanisms of peripheral to central immunity communication in depression have been
elegantly dissected by work on sickness behaviour in rodents elicited by the cytokine
inducer, lipopolysaccharide (LPS) (23), IL-1 (24), and the cytokine, tumor necrosis factor
(TNF)(25) (please see (26) for a review). The peripheral immune signal is transferred to the

brain by separate pathways that are thought to work in parallel (27).

Firstly, local inflammation generates a neural message that is relayed to the brain by afferent
nerves as part of the nervous system activity that regulates immune function; such system is
in fact quite sophisticated so much so that the brain can store and retrieve specific immune
responses that can be transmitted peripherally once the pathogenic process is recognized
(28). Indeed, using cell activation markers, Koren and colleagues were able to determine
neuronal clusters associated with the immune response to two different peripheral immune
challenges; activation of these clusters replicated the immune response to the previous

inflammatory conditions (28).

Secondly, the neural message from the periphery is accompanied by either a slower diffusion
of cytokines into the parenchyma through the fenestrations of the blood-brain barrier (BBB)
in the circumventricular organs, or by overspill through active BBB transport or increased
BBB permeability (27, 29-31). Peripheral cytokines also induce the production of
prostaglandins by BBB endothelial cells; once in the parenchyma, both prostaglandins and


https://doi.org/10.20944/preprints202203.0062.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 March 2022 d0i:10.20944/preprints202203.0062.v1

peripheral cytokines stimulate the activation of brain microglia (27, 29-31). Microglia then
start an inflammatory cascade which results in cytokine and glutamate release, oxidative

stress and decline in neurotrophic support, ultimately disrupting neural activity and

plasticity (32).

Sickness Behaviour Models: Validity and Translation in MDD

Sickness behaviour is a coordinated set of adaptive behavioural changes that develop in ill
individuals during the course of an infection, with the aim of promoting energy conservation
and reallocation to facilitate immune activation. Experimentally inducing sickness behaviour
in animals by agents affecting the immune system has contributed to much of the current
understanding about the link between peripheral and central immunity. However animal
models need to be established based on the three basic constructs of face validity (phenotype
similar to humans who have the illness), construct validity (mechanisms that result in
human pathology are recapitulated by the model), and predictive validity (sensitivity to
interventions that are effective for the disease or condition in humans) (33). Hence, we
briefly discuss the evidence of the connection between immunologically-induced sickness

behaviour, in humans and in animals, and depression and its treatments

Face Validity

In rodents, as well as in humans, sickness behaviour recapitulates well the significant aspects
of MDD such as lethargy, anxiety, malaise, loss of appetite, sleepiness, hyperalgesia, and
failure to concentrate (34). Face validity is further supported by the observation that patients
with sickness behaviour also demonstrate peripheral inflammatory profiles that are
consistently similar with those with MDD. We use here as a biomarker of reference CRP, an
acute phase reactant produced by the liver in response to innate immune cytokines such as
IL-6 and TNF-q, that is a reproducible and stable marker of peripheral inflammation as it
does not exhibit daily variations (35). Subjects with no inflammation generally exhibit CRP
concentrations <1 mg/L while those with inflammatory disease have plasma concentrations
>10 mg/L (35). In the case of human cohorts with MDD, depressed subjects demonstrate
mild inflammation, with CRP in the 1-3mg/L range (34, 35). Importantly, treatment
resistant patients display significantly higher CRP levels (~ 5 mg/1 on average) (36, 37).

While clinical behavioural and peripheral data are abundant and demonstrate good
correspondence with sickness behaviour, data on central inflammation are rare and more
mixed. Increased cytokine levels have been demonstrated into the cerebrospinal fluid (CSF)

of subjects that were suicidal (38, 39) but results in MDD were mixed with 2/3 of the studies
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reporting reductions or no-change of IL-6 and TNF-a concentrations and the remaining

registering moderate increases (40).

Data have also been collected on brain microglia activity that can be measured in-vivo using
positron emission tomography (PET) and ligands targeting the 18 Kd translocator protein
(TSPO) (41). TSPO-PET has demonstrated high levels of activation of microglia and
astrocytes after acute peripheral LPS stimulation in rodents (42) and human volunteers (43,
44) but we detected no changes in TSPO in normal volunteers after a single peripheral
injection of IFN-a (45), even in the presence of increased peripheral inflammation and
transient sickness behaviour. Note that LPS in humans generates levels of peripheral
cytokines that are up to 100 times those detected in the IFN-a experiment, where CRP
already reaches levels up to 10 mg/L. In MDD cohorts, TSPO-PET data have demonstrated

increases in signal that, however, are mild and localized particularly in the prefrontal regions

(46-51)

Construct Validity

A key aspect of the construct validity of sickness behaviour as a model for MDD is the
relationship between peripheral and central immunity; all rodent models described in the
previous section predict that in depressed patients there should be a strong correlation
between peripheral cytokines and microglial activity. While clinical data confirm that, as
mentioned above, activated central immunity can be present in MDD (e.g., TSPO-PET signal
is raised in the brain of MDD cohorts), microglial activity is not proven as a state as no PET
imaging study has reported a correlation between peripheral cytokines and brain TSPO in
MDD (46). Lack of correlation could be due to methodological reasons, as TSPO signal in
brain is small and difficult to quantify (41) as well as not specific for microglia (42)(52);
however correlations between plasma cytokines and brain TSPO have not been found also in
human models of acute sickness behaviour after LPS challenge, large peripheral and central
surges in signal notwithstanding (43) and, interestingly, sequential LPS challenges have
actually caused a decrease in brain TSPO levels in correspondence of peripheral increases in
cytokines (44). Importantly, in the human IFN-a experimental model (45), where cytokines
peak at far lower concentrations that are closer to the ones measured in MDD patients, no

microglial activity is detected.

A second important question regards a central element of the chain of events that connects
peripheral immunity to microglial cells, that is the BBB. In the model of peripheral-to-CNS
communication proposed by D’Mello et al., (31) and widely used afterwards as reviewed in

(53), LPS peripheral challenges in various experimental conditions lead to “leakages” in BBB
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with consequent passage of immune mediators and immune cells; this straightforward
mechanism is easily testable. However clinical evidence on BBB leakage in MDD is scarce
and mixed; increased CSF/albumin ratios were found in a sample of elderly women with
depression (54) while a meta-analysis of VEGF, a plasma marker of BBB permeability,
reported inconclusive results (55). In our IFN-a experimental model, VEGF in serum was
actually reduced, indicating loss of permeability instead (45). Very recently, dynamic
contrast-enhanced (DCE-) magnetic resonance imaging (MRI) has been used in psychiatric
cohorts and detected increased BBB permeability in a sub-group of bipolar patients (56).
However, the only study that investigated BBB integrity in patients with MDD, using the
recently developed Intrinsic Diffusivity Encoding of Arterial Labelled Spins (IDEALS) MRI
technique (57), has shown reduced water permeability (58).

An interesting marker of BBB damage is S100, a protein that is predominantly located in
the cytoplasm and nucleus of astrocytes and cannot pass the BBB, but if the BBB is
disrupted, can pass from CSF to serum (59). A review of studies in MDD reported elevated
S100p levels but only in patients with acute episodes in MDD and manic and depressive
episodes in BD (60). In our aforementioned IFN-a experimental model, serum S100f3

protein did not change significantly (45).

Predictive validity

There is very good preliminary evidence that higher levels of peripheral inflammatory
markers predict efficacy of anti-inflammatory treatments in MDD. An RCT in patients with
treatment resistant depression with add-on treatment with Infliximab, an antibody acting as
TNF-a antagonist, found that only patients with higher levels of C-reactive protein

(CRP > 5 mg/L) benefited from the drug (61). A recent RCT in treatment resistant patients,
using minocycline as augmentation therapy over antidepressants, has demonstrated efficacy
over placebo only in those with CRP plasma levels > 3mg/L (62). Minocycline is a
tetracycline antibiotic with broad anti-inflammatory properties both in the periphery and in
the CNS as it has good penetration through the BBB (63).

Given that antibodies do not cross the BBB and minocycline does but also has peripheral
activity, it is unclear so far whether anti-inflammatory treatments acting centrally possess
better efficacy profile. Hence a better understanding of the mechanisms by which peripheral
inflammation acts on brain function may suggest more targeted and efficacious therapeutic
paradigms. For example, microglia activity modifiers (e.g., suppressors or stimulating), have
been proposed as antidepressants (64, 65). With this in mind, in the following section we

build on our recent published data using PET and MRI data in order to formulate an
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updated model of peripheral/central immunity interactions that, in our view, better

recapitulates that evidence illustrated so far.

An Updated Model of Peripheral to Central Interaction for Mild Inflammatory
States in MDD.

The model is sketched in Box 1, visualized in Figure 1 and detailed below. As the title of this
section suggests, we are concerned with subjects with MDD and mild peripheral
inflammation, e.g., CRP< 10 mg/L. This range in fact should cover most of the MDD
population (average CRP ~ 3mg/L) including those with evidence of resistance to standard
antidepressant treatment (average s5mg/L) (14). This grouping excludes very acute cases,
subjects at suicidal risk, patients with bipolar disorder, as well as instances of medically-
induced sickness behaviour, where the evidence so far suggests that a cytokine storm is in
progress and/or there is evidence of BBB disfunction and leakage. Exclusion should also be
extended to elderly subjects, where evidence exists of BBB impairment (66). In the majority
of subjects with MDD and mild peripheral inflammation, we will argue that a “tighter” BBB,

rather than a “leakier” BBB, is driven by the peripheral inflammation.

1. Short-lived inflammatory states, via circulating cytokines, cause the reduction of
permeability of the brain barriers.

We have recently shown that both in MDD subjects and in experimentally induced mild
sickness behaviour there is a very strong negative correlation between plasma CRP and the
permeability of the two main blood brain barriers (67), the BBB and the blood-CSF barrier
(e.g., the choroid plexus, CP). This relationship indicates that inflammation in depression is
associated with a “tighter”, not a leakier, BBB. Indeed, the reduction in perfusion rates is
substantial, beyond 50% (67).

These data are further supported by the elegant results obtained by Carloni et al. (68) in a
murine model of experimental colitis whereas the cytokines released in the blood stream by
gut inflammation cause the closure of the CP and stop the passage of bigger molecules to the
CSF. The authors note the close similarity between the gut barrier, that demonstrates an
epithelial layer, a stroma and endothelial layer, and the anatomy of the CP, that
demonstrates an endothelial layer, a stromal space and epithelial (cuboid) cells. Hence, they
hypothesize that the CP has a similar role to the gut barrier; the latter is enabled to stop
inflammatory messenger to reach the blood from the gut. In the brain, the observed
“closure” of the barriers, enacted by action of the -catenin 1 signalling pathway on the
endothelial tight junctions, acts as a similar defence mechanism against circulating cytokines
entering the CSF (68).

d0i:10.20944/preprints202203.0062.v1
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The third brain barrier, the epithelial layer that separates the ventricles from the
parenchyma, has also demonstrated reduction in permeability in a model of MDD. Seo and
colleagues (69) have very recently demonstrated perfusion reduction of the epithelial barrier
in two mouse models of depression, as well as loss of p11, a key epithelial protein that is
characteristically reduced in the plasma of MDD patients (70). The depressive symptoms in
the two models were fully rescued by viral expression of p11 in epithelial cells (69). In our
IFN-o human experimental model we were not able to determine the permeability of the

ventricle epithelial barrier due to limitations of the radiotracer (67).

2. Barriers’ closure disrupts transport of solutes in and out of the brain and reduce
brain activity —> depressive state

Given the importance of the barriers for brain metabolism (e.g., O2 and CO2 diffusion), fluid
balance, neuroendocrine and solutes transport, the reduction in perfusion is likely to affect
homeostasis and will depress brain energetic output (71, 72). In fact, a recent pooled analysis
of cohort studies on the association between systemic inflammation and individual
symptoms of depression has found that CRP concentrations are most strongly associated
with physical (loss of energy) and cognitive (anhedonia) depressive symptoms, and least
associated with emotional depressive symptoms (773). This hypothesis is further supported
by the use of a genetic model of endothelial junction closure of the CP that demonstrated

anxiety-like behaviour and short memory loss (68).

3. When inflammation carries on and becomes chronic, brain barriers undergo
structural alterations that persist even after peripheral immunity subsides ->
depressive trait

While experimentally induced mild peripheral inflammation does not seem to cause
microglial activation in humans (45), mild neuroinflammation is however present in MDD
(46). We speculated that peripheral inflammation, when chronic as in some MDD subjects,
would cause structural changes to the brain barriers achieving the chronicization of the
barriers’ impairment. To test this hypothesis, we measured brain barriers thickness by
focusing on the one structure that is clearly visible and measurable on T1 MRI imaging, the

CP, and demonstrated a clear increase in the volume of the CP in MDD cohorts (74).

4. Disrupted homeostasis due to persistent inflammation elicits microglial reactivity -
> central immunity activation

Persistent disturbance of homeostasis affects brain activity and in particular the neotenic

regions, such as prefrontal cortex, that in the adult cortex still retain high synaptic density
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and, for this reason, are the most metabolically active (775); disturbance in energetic
homeostasis will then place these tissues under stress and elicit a microglia response. In fact,

in our data on MDD subjects, CP volume correlated with TSPO-PET signal in prefrontal
regions (74).

The key role of the CP volume as a marker of brain inflammation has also been recently
confirmed in a different immune disorder, multiple sclerosis, in both preclinical models and
clinical populations (776, 77). Note that the implication of these observations is that
microglial activity is not a primary cause of depressive symptoms but a secondary effect of
the closing of the barriers and disturbed homeostasis. The secondary, and potentially
beneficial role of neuroinflammation in MDD, is in fact supported by recent data on sickness
behaviour in rats and mice depleted of microglia where LPS-induced sickness was not

abrogated, rather it was exacerbated (778).

Box 1: Sketch of Novel Model for Brain-Immunity Interactions for
Mild inflammatory states.

Step 1: Short-lived inflammatory states, via circulating cytokines, cause the
reduction of permeability of the brain barriers.

Step 2: Barriers closure disrupt transport of solutes in and out of the brain and
reduce brain activity —> depressive state

Step 3: When inflammation carries on and becomes chronic, brain barriers
undergo structural alterations that persist even after peripheral immunity
subsides -> depressive trait

Step 4: Disrupted homeostasis due to persistent inflammation elicits microglial
reactivity -> central immunity activation

Conclusion

In our view, the model proposed here recapitulates well the vast tapestry of old and new
evidence on peripheral and central immunity communication. The novelty stands in the
suggestion of a primary role of the brain barriers as key actors of the communication
between the two immune compartments; barriers that, as elements of a defence
mechanisms, we posit are contracted in the presence of peripheral immune reactivity, in
order to protect the brain; this response disrupts brain homeostasis and affects the energetic
balance, inducing depressive symptoms. However, when this response becomes chronic, the
BBB functional changes turn into structural modifications and the tissues of the cortex that
are most metabolically active become stressed. Microenvironmental and BBB changes,

ultimately, generate a microglia response (79).
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The model purports two new key imaging markers of peripheral-to central immunity effects;
the first is the brain barriers’ permeability that is a state marker while, the second one, CP
volume is a trait marker. Interestingly, the use of these markers has been already extended to
populations of which MDD is a prodrome, such as Alzheimer’s disease (80) or accelerated
ageing (81), and to psychiatric populations also associated with inflammation, such as

schizophrenia (82).

It also suggests a mechanism for treatment resistance, as antidepressants have very similar
molecular weight and lipophilicity to the same radiotracers that have demonstrated reduced
transfer from plasma to brain (67) - a tighter BBB would then make the entry of all these

compounds to the brain less efficient.

In terms of treatment targets, the model confirms the notion that anti-inflammatory
strategies are required to normalize circulating immune messengers; however pre-clinical
data also suggests novel targets on endothelial (e.g., B-catenin 1 signalling pathway) and
epithelial cells (e.g., protein p11) to address brain barriers structural and functional
abnormalities that may persist even after the normalization of peripheral immunity. In fact,
it may also be valuable to evaluate the effects of standard monoamine interventions on brain
barrier permeability. For example, we have noted above the important role of the
multifunctional protein p11 (also known as S100A10) in the regulation of epithelial function;
however p11 is better known for its role in serotonergic signalling and the regulation of gene
transcription (83). B-catenin, on the other hand, has been previously implicated in
behavioural resilience via its action on D2 dopamine spiny interneurons in the nucleus
accumbens (84). Interestingly, the efficacy of electroconvulsive therapy has been accrued, at

least in part, to its associated increases in BBB permeability (85, 86)

The fact that reduction in brain barriers’ perfusion is associated with distant stressful events,
such as child abuse (67), opens also the possibility of using these biomarkers for the study of
traits acquired during neurodevelopment as well as offers potential therapeutic strategies for

their treatment.

In conclusion, we believe that the classic model of microglia activation induced by peripheral
inflammation and leading to depression via glutamatergic and neurotoxic signals is
insufficient to explain all available evidence, and should instead be expanded to include an
intermediate step where peripheral inflammation leads to the tightening of BBB

permeability as a defence mechanism, which, over weeks or months, causes depression via
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neuronal stress, with microglia activation possibly a coincidental epiphenomenon or even a

protective mechanism, rather than the primary culprit.
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Figure Legends

Figure 1.
Graphical representation of the model.

A. In the healthy state, circulating cytokines are null or very low, the permeability of the
barriers is normal, microglial cells are in resting state.

B. A temporary increase in circulating cytokines reduces the permeability of the
barriers disrupting homeostasis and causing mild sickness behaviour while microglial
cells are still in resting state.

C. When inflammation persists and becomes chronic, the functional changes in the
barriers become structural and depressive behaviour is accompanied by microglial
activity that reacts to the persistent perturbation of solute concentrations and of the
BBB.
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