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Abstract

While the immune system is essential for survival, an excessive or prolonged inflammatory
response, such as that resulting from sustained heavy alcohol use, can damage the host and
contribute to psychiatric disorders. A growing body of literature indicates that the immune system
plays a critical role in the development and maintenance of alcohol use disorder (AUD). As such,
there is enthusiasm for treatments that can restore healthy levels of inflammation as a mechanism
to reduce drinking and promote recovery. In this qualitative literature review, we provide a
conceptual rationale for immune therapies and discuss progress in medications development for
AUD focused on the immune system as a treatment target. This review is organized into sections
based on primary signaling pathways targeted by the candidate therapies, namely: (a) toll-like
receptors, (b) phosphodiesterase inhibitors, (c) peroxisome proliferator-activated receptors, (d)
microglia and astrocytes, (€) other immune pharmacotherapies, and (f) behavioral therapies. As
relevant within each section, we examine the basic biological mechanisms of each class of therapy
and evaluate preclinical research testing the role of the therapy on mitigating alcohol-related
behaviors in animal models. To the extent available, translational findings are reviewed with
discussion of completed and ongoing randomized clinical trials and their findings to date. An
applied and clinically focused approach is taken to identify the potential clinical applications

of the various treatments reviewed. We conclude by delineating the most promising candidate
treatments and discussing future directions by considering opportunities for immune treatment
development and personalized medicine for AUD.
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1. Introduction

A growing body of literature indicates that the immune system plays a critical role in the
development and maintenance of alcohol use disorder (AUD) (Mayfield and Harris, 2017).
Hence, there is increasing interest in the development of medications and therapies that
target the immune system in an effort to treat AUD. This review addresses the conceptual
rationale for immune treatments and highlights the potential for treatment approaches
modulating the immune system to mitigate mechanisms contributing to AUD. The link
between the immune system and AUD is supported by both basic and clinical findings.

Briefly, the immune system, which is comprised of both innate and adaptive immune
mechanisms, serves as the body’s primary defense against pathogens and is critical for
human well-being and health (Slavich and Irwin, 2014). Although the brain is protected by
the blood—-brain barrier (BBB), it has resident immune defenses, including innate immune
cells, to help protect against threats (Coleman and Crews, 2018). Microglia are considered
resident macrophages of the brain and, along with astrocytes and neurons, contain receptors
capable of immune signaling (Coleman and Crews, 2018). Innate immune signaling in

the periphery can cross the BBB through several mechanisms, including immune-mediated
active transport and disruptions in the BBB (Banks, 2015; Erickson et al., 2018; Quan

and Banks, 2007). The innate immune branch responds rapidly and includes immune cells
like monocytes and dendritic cells that circulate throughout the body. It is the first line of
defense against bacterial infection or tissue injury and can initiate inflammatory cascades
and activate adaptive immune processes (Medzhitov, 2008). Adaptive immunity takes over
when the innate immune response is insufficient; it is slower but more specific (Bonilla and
Oettgen, 2010). Adaptive immune mechanisms like T and B lymphocytes target antigens
through an immunological memory of the pathogen (Slavich and Irwin, 2014).

During initial innate immune activation, inflammatory responses are triggered by detection
of conserved features of microbes, termed pathogen-associated molecular patterns (PAMPS),
such as lipopolysaccharide (LPS) (Bonilla and Oettgen, 2010). LPS is an endotoxin
component of the outer membrane of Gram-negative bacteria (Raetz and Whitfield, 2002).
LPS levels are shown to be elevated in individuals with AUD (Qin et al., 2008); however,
these levels normalize after 3 weeks of abstinence (Leclercq et al., 2012). Toll-like receptors
(TLRs) are a common family of receptors found on immune cells and are known to
recognize PAMPs and subsequently activate transcription factors, including nuclear factor-
xB (NF-xB), interferon (IFN) regulatory factors, and cyclic adenosine monophosphate
(cAMP) response element binding protein (CREB) (Medzhitov, 2008; Aurelian et al., 2016;
Balan et al., 2018). These activated factors then drive the expression of proinflammatory
immune protein molecules, termed cytokines, which are released from immune cells,
coordinate inflammatory cell functions, and have wide-ranging effects on physiological
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and behavioral responses (Dinarello, 2000). Types of cytokines have specific mechanisms
and proinflammatory cytokine types include interleukin (IL)-1, IL-2, IL-6, IL-8, and tumor
necrosis factor-a (TNF-a) (Erickson et al., 2019).

Alcohol is thought to alter immune signaling and increase neuroinflammation via two
primary mechanisms: (a) indirectly by initiating systemic production of proinflammatory
cytokines; and (b) directly through actions in the brain, whereby alcohol and potentially
alcohol-induced neural damage (de la Monte and Kril, 2014) stimulate the release

of inflammatory molecules (Crews and Vetreno, 2016). Individuals with AUD display
peripheral immune dysregulation and are vulnerable to viral or bacterial infections
(Keshavarzian et al., 2009). Systemic inflammation appears to be induced by alcohol when
it acts on peripheral immune receptors in the gut (Erickson et al., 2019) and also by
breaking down lymphatic duct lining and endothelial cell junctions, allowing inflammatory
molecules to leak into the bloodstream, termed “leaky gut” (Gorky and Schwaber, 2016).
The resultant proinflammatory molecules in the periphery then provoke neuroinflammation,
i.e., an inflammatory response within the central nervous system (CNS) as opposed to in
the periphery. This provocation occurs through several mechanisms, such as inflammatory
molecules crossing the BBB via immune-mediated active transport or by entering the

brain through disruptions in the BBB (Banks, 2015; Quan and Banks, 2007). Additionally,
receptor binding of inflammatory cytokines at vagal afferent sites (e.g., in stomach and
liver) rapidly results in the transduction of inflammatory signaling in the CNS (Quan and
Banks, 2007). Proinflammatory molecules in the brain impact neural circuit functioning and
neuronal plasticity (Erickson et al., 2019). Notably, neuroinflammation can be both adaptive,
such as in response to brain injury to promote repair, or maladaptive, such as in response
chronic social stressors (DiSabato et al., 2016). Thus, while the immune system is essential
for survival, an excessive or prolonged inflammatory response, such as that resulting from
sustained heavy alcohol use, can damage the host and contribute to psychiatric and physical
disorders (Slavich and Irwin, 2014).

Initial support for the relationship between alcohol use and neuroinflammation came from
gene expression studies of post-mortem brain tissue (McBride et al., 2014; Osterndorff-
Kahanek et al., 2015). These studies demonstrated consistent upregulation in the expression
of genes involved in inflammatory responses in the brains of individuals with AUD (Liu

et al., 2006; Liu et al., 2004; Robinson et al., 2014). Similar findings were obtained in a
reverse-translation (i.e., leveraging insights from human studies to inform mechanistic and
preclinical work) to rodents exposed to chronic ethanol. Voluntary ethanol consumption
increased cytokines and chemokines in the CNS and periphery for mice (Pascual et al.,
2015) and monkeys (Beattie et al., 2018). In rats, 24-48 h of ethanol withdrawal, a

critical window of reinstatement, resulted in the upregulation of mMRNA proinflammatory
expression of innate immune markers (e.g., TNF-a, IL-1p) in cortical tissue (Freeman et
al., 2012; Whitman et al., 2013). These findings indicate immune signaling upregulated
during alcohol withdrawal may contribute to the maintenance of AUD. Importantly, immune
factors mediate not only neuroinflammation but a broad set of neural functions, including
neurotransmitter systems and synaptic function, neurogenesis and neurodevelopment, and
endocrine function (Cui et al., 2014). For instance, research suggests that alcohol disrupts
the ability of astrocytes to properly regulate glutamate homeostasis, which contributes to
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the development of sustained drinking (Bachtell et al., 2017). Emerging work also supports
the involvement of neuroimmune signaling in adolescent binge drinking and subsequent
changes in brain physiology (Crews et al., 2019; Crews et al., 2017; Montesinos et al.,
2016; Pascual et al., 2018). Further, preclinical work suggests that neuroinflammation

and modulation of immune signaling induced by chronic alcohol use heighten motivation
for intake, enhances alcohol-related reward, and contributes to substance-related cognitive
impairments and depression-like behavior (Alfonso-Loeches et al., 2010; Blednov et al.,
2018; Breese et al., 2008; Briones and Woods, 2013; Frank et al., 2011).

Evidence for heightened CNS activation of inflammatory signaling in human samples

with AUD is very limited and further research is necessary to establish the neuroimmune
hypothesis of AUD. Studies evaluating this hypothesis have largely used positron emission
tomography (PET) to image the translator protein (TSPQO), a mitochondrial protein that is
upregulated during neuroinflammation. Three studies have reported reduced binding of PET
TSPO ligands in the brains of individuals with AUD relative to controls (Feldman et al.,
2020); however, these findings are discrepant with in vitro animal studies and complicated
by genotype specific responding to TSPO ligands (Kreisl et al., 2013). Elevations in TSPO
mRNA in postmortem brains from individuals with an AUD provide initial evidence for

the neuroinflammation hypothesis (De Carvalho et al., 2021). Several studies demonstrate
elevated peripheral inflammation in clinical AUD samples. Whereas this work has been
largely correlational, it generally supports the hypothesized link between inflammation and
AUD. In treatment-seeking individuals, elevated levels of circulating LPS were found at
treatment onset but decreased after 3-weeks of detoxification, reaching levels comparable

to controls (Leclercq et al., 2012). Proinflammatory proteins, including TNF-a,, IL-6, and
C-reactive protein (CRP), were positively correlated with craving at treatment entry among
individuals with AUD (Leclercq et al., 2012). However, not all studies have found elevations
in LPS proinflammatory protein levels, indicating that this peripheral inflammatory response
may be present in only a subset of individuals with AUD (Adams et al., 2020). To what
extent alcohol induction of peripheral inflammation increases neurcimmune signaling in
clinical samples is not known, although this link is established in basic studies. Translational
work is beginning to guide these efforts. For example, when fecal microbiota were
transplanted from patients with AUD to germ-free mice (Leclercq et al., 2020), CNS
alterations in myelination, neurotransmission, and inflammation occurred, with evidence of
an increased expression of proinflammatory cytokines and chemokines and elevated markers
of microglial activation. To that end, novel treatment targets, such as peripheral and neural
immune pathways, represent an important direction in the development of novel and more
effective treatment options for AUD (L.itten et al., 2016; Ray et al., 2014) and psychiatric
diseases more broadly. While the current review focuses on the application of immune
interventions for AUD, literature in this area is broad and recent reviews have addressed
other topics relevant to immunity and AUD in detail (Coleman and Crews, 2018; Erickson
etal., 2019; Cui et al., 2014; Crews et al., 2017; Gao et al., 2019; Jimenez-Gonzalez et al.,
2021).

In this qualitative literature review, we discuss recent advances in medications development
for AUD focusing on the immune system as a treatment target. Based on the implication
of immune mechanisms to the phenomenology of AUD, briefly reviewed above, there is
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enthusiasm for treatments that can restore healthy levels of inflammation and immune
signaling as a mechanism to reduce drinking and promote recovery (see Fig. 1). This review
is organized into sections based on the primary signaling pathway targeted by the candidate
therapies, namely: (a) TLRs, (b) phosphodiesterase (PDE) inhibitors, (c) peroxisome
proliferator-activated receptors (PPARS), (d) microglia and astrocytes, (e) other immune
pharmacotherapies, and (f) behavioral therapies. We use these categories for organizational
purposes, as we recognize that these distinctions are inherently arbitrary and that there is
complex interplay across signaling pathways and molecules. After reviewing the relevant
literature, we consider future directions and opportunities for treatment development and
personalized medicine for AUD. As the field continues to evolve and more clinical studies
are added to the robust preclinical literature on alcohol and inflammation, a refined
understanding of immune targets for AUD will continue to emerge. Consistent with the
ongoing challenge of translational science in AUD (Ray et al., 2021), we emphasize avenues
for applying these findings to clinical populations. To that end, we take an applied and
clinically focused approach to identifying potential clinical applications of the various
treatments reviewed herein. We contend that biological and clinical plausibility are both
necessary in order to optimize treatment development.

1.1. Targets for candidate immune therapies for AUD

The following sections describes various candidate immune therapies for AUD. Within each
section, we examine the basic biological mechanisms of each class of therapy and evaluate
the basic and preclinical research testing the role of the therapy in mitigating alcohol
behaviors in animal models. To the extent available, translations findings are reviewed with
discussion of completed and ongoing interventional trials and findings to date.

1.1.1. Toll-Like receptors—TLRs are members of the IL-1 receptor/TLR superfamily.
As reviewed above, TLRs, along with proinflammatory cytokines and their associated
receptors, share signaling pathways that converge on NF-xB, an innate immune transcription
factor that regulates inflammatory cytokine expression (Crews et al., 2017). These pathways
are widely implicated in alcohol-induced neuroinflammation (Crews et al., 2017; Bajo et al.,
2016; Montesinos et al., 2017), with human brain tissue from individuals with AUD showing
an upregulation of several TLRs.

Ten TLRs have been identified in humans and the most widely studied subtype within this
family is TLR4, which is thought to contribute significantly to alcohol-related neuroimmune
activation. TLR4 activation plays an important role in regulating neuroimmune signals
that influence alcohol intake. The TLR4 signal is innately activated in neurons from
alcohol-preferring rats and TLR4-MyD88 proinflammatory cytokines are inhibited after
acute exposure (Muralidharan et al., 2018). The TLR4 signal is activated through the non-
canonical TLR4 binding of the GABAAR a2 subunit (Balan et al., 2018; Liu et al., 2011).
During alcohol self-administration, this signal is sustained through increased expression

of the stress hormone corticotropin-releasing factor (CRF) and its feedback regulation of
TLR4 signaling (Balan et al., 2018; June et al., 2015). The balance of the resulting pro-and
anti-inflammatory chemokines likely contributes to the transition to alcohol dependence.
Further, in neurons from the central nucleus of the amygdala (CeA) and ventral tegmental

Brain Behav Immun. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meredith et al.

Page 6

area (VTA), TLR4 signals through the chemokine CCL2 (Aurelian and Balan, 2019; Zhou
et al., 2011) localizing in dopaminergic neurons, and inducing the expression of tyrosine
hydroxylase through CREB signal (Aurelian et al., 2016; Banisadr et al., 2005). In CeA
neurons, CCL2 is localized to the synapse and transported via axons to downstream brain
regions, such as the bed nucleus of the stria terminalis, and is thought to affect behaviors
such as anxiety. Neurons are thus an important target for chemokine function independent
of inflammation but related to relevant behavior, including impulsivity and alcohol intake
(Harper et al., 2020).

Results from studies of TLR-affecting medications in the context of AUD implicate TLRs

as promising targets for the development of AUD therapeutics (see Table 1). TLR4 blockade
by opioid antagonists, including naltrexone and naloxone, has been extensively tested in
animal models. Both the (+) and (=) isomers of naltrexone and naloxone are considered
TLR4 antagonists (Skolnick et al., 2014; Wang et al., 2016). The fact that the opioid-inactive
(+) isomer acts similarly on TLR4 as the opioid-active (=) isomer, denotes an immune
mechanism likely independent of the opioid effects of these pharmacotherapies (Wang et

al., 2016; Hutchinson et al., 2008). In regards to alcohol effects, TLR4 blockade by (+)-
naltrexone reduces binge drinking in adolescent mice (Jacobsen et al., 2018) and decreases
ethanol preference (Jacobsen et al., 2018). In healthy mice using opioid-inactive naloxone

to block TLR4 reduced acute alcohol-induced motor impairment and sedation (Wu et al.,
2012). In contrast, another study found that (+)-naloxone produced very modest inhibition
of intake among rodents and only at the highest dose (Harris et al., 2017). Moreover,
nalmefene, another opioid receptor antagonist that inhibits TLR4 signaling, reduced ethanol-
induced inflammation and binge-like drinking behaviors in adolescent female mice by
preventing TLR4 activation (Montesinos et al., 2017).

While TLR4 is the most studied member of the TLR family in the context of AUD,

other TLR pathways modulating NF-xB signaling, including TLR2 and TLR3 (Erickson
etal., 2019) are similarly implicated in the neuroimmune effects of alcohol in several
preclinical studies (Pascual et al., 2015; Blednov et al., 2017; Fernandez-Lizarbe et al.,
2013; McCarthy et al., 2018). Given that NF-xB is a target of multiple TLRs, it is

likely that multiple receptors work in concert and convergently act on NF-xB. Therefore,
exploring pharmacological antagonists of TLR subclasses beyond TLR4 may be worthwhile.
Neuroimmune therapies that bypass TLR binding to act directly on NF-xB have also

shown promise in preclinical work for the treatment of AUD. Immuno-therapies such as
sulfasalazine and TPCA-1 act on NF-xB through IKKp, an inhibitor of the NF-xB kinase
subunit beta. Both of these pharmacological inhibitors of IKKp have been shown to decrease
ethanol consumption and preference in mice (Truitt et al., 2016). Amlexanox, another
NF-xB inhibitor and anti-inflammatory, anti-allergic pharmacological immunomodulator
involved in several TLR pathways (Reilly et al., 2013) reduced ethanol consumption and
preference in mice completing a two-bottle-choice paradigm (McCarthy et al., 2018).

While the majority of work exploring neuroimmune modulators of TLR and NF-xB are
preclinical in nature, numerous human studies have evaluated established opioid antagonists,
such as naltrexone and nalmefene. Naltrexone is FDA-approved for treatment of AUD and
nalmefene is approved in Europe for harm-reduction (Swift and Aston, 2015). Naltrexone
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was associated with drinking reductions, including longer latency to return to any drinking
and reduction in heavy drinking days (Jonas et al., 2014). Nalmefene was also associated
with moderate reductions in heavy drinking days and drinks per drinking day (Karhuvaara
et al., 2007). Importantly, existing human studies have not specifically examined their
neuroimmune mechanisms and instead focus on opioid receptor mechanisms. Therefore, it
remains uncertain whether drinking outcomes relate to neuroimmune properties.

In sum, it is likely that several subclasses of TLRs work together along with other
neuroimmune factors to influence drinking-related behaviors. While naltrexone and
nalmefene are well-established pharmacotherapies for addiction, questions remain about

the biological mechanisms (e.g., opioid and/or immune system) through which they affect
AUD-related behavioral outcomes in humans. Experimental trials seeking to test their
specific anti-inflammatory actions would help address this knowledge gap, particularly by
comparing the opioid-inactive vs. -active isomers. NF-xB, IKKe, and direct TLR inhibitors,
such as sulfasalazine and amlexanox, have not yet progressed to use in human clinical trials
for AUD, although preclinical results demonstrate beneficial effects on ethanol consumption
and preference, which support their potential for further medications development. Several
of these compounds demonstrate safety and tolerability in other clinical samples for

the treatment of inflammatory medical conditions like rheumatoid arthritis and ulcerative
colitis (Liu et al., 2006; Plosker and Croom, 2005). However, while sulfasalazine shows a
relatively safe side effect profile, serious adverse events like low white blood cell count (i.e.,
leukopenia) are known to occur in rare cases (Plosker and Croom, 2005). Future work that
tests novel TLR inhibitors for their safety, particularly medication x alcohol interactions,
and early efficacy markers would be critical in facilitating the progression of medications
development for this class of drugs from preclinical to clinical studies of AUD.

1.1.2. Phosphodiesterase inhibitors—Cyclic nucleotide PDEs are a family of
phosphohydrolases. PDEs are the only known enzymes to regulate the intracellular levels
of cAMP and cyclic guanosine monophosphate (cGMP) (Wen et al., 2018). Thus, PDEs
play a critical role in regulating the intracellular levels of cCAMP and cGMP as well as
their downstream signal transductions. There are 11 PDE subtypes widely distributed in
the CNS (Menniti et al., 2006), which can be divided into three categories based on their
substrate specificity: (1) cAMP specific; (2) cGMP specific; and (3) dual-substrate PDEs.
These subtypes are differentially distributed in the brain and have unique roles regulating
neuronal function, indicating that targeted inhibition of specific isoforms may provide the
best therapeutic benefits.

cAMP and cGMP signaling pathways play a key role in neural functions and synaptic
transmission in the CNS as well as the downregulation of NF-xB and proinflammatory
cytokine release (Wen et al., 2018; Parry and Mackman, 1997). PDEs play a crucial role in
maintaining cyclic nucleotide levels, and therefore, regulate intracellular signaling cascades
that use CAMP and cGMP as second messengers. Of particular importance, PDEs modulate
the cAMP protein kinase (PKA) pathway, which has been implicated in the regulation of
response to acute and chronic alcohol exposure (Logrip, 2015). Acute alcohol exposure
leads to activation of cCAMP signal transduction; conversely, chronic alcohol exposure
attenuates this signaling pathway in a brain-region specific manner (Wen et al., 2018).
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Alcohol withdrawal, thought to be an important driver of severe AUD, also decreases CAMP
signal transduction in the cortex and amygdala in the rat (Pandey et al., 2003). cGMP
signaling may also be involved in alcohol-drinking behavior; however, it has been less
studied than cAMP. Rats exposed to chronic ethanol have increased cGMP levels in various
brain regions including the striatum, hippocampus, and cortex; abstinence from ethanol
lowers the cGMP levels back to normal (Uzbay et al., 2004). Given the critical role of

these signaling pathways in alcohol drinking behaviors, normalization of their signaling is
of interest for treating AUD. Specifically, PDE sub-family inhibitors have been proposed as
promising therapeutics for AUD (see Table 2).

PDE inhibitors have been widely studied using preclinical animal models of AUD with
particular focus on PDE4 inhibition, as PDE4 is expressed in several brain regions that
underly the reinforcing effects of alcohol (e.g., nucleus accumbens, amygdala, and VTA)
(Perez-Torres et al., 2000). Rolipram, a selective PDE4 inhibitor, has shown promising
preclinical efficacy. Rolipram reduced alcohol intake and preference in several strains of
mice (Hu et al., 2011; Blednov et al., 2014; Ozburn et al., 2020), decreased alcohol

seeking in alcohol-preferring drinking rats (Wen et al., 2012; Franklin et al., 2015), and
attenuated abstinence-like anxious and depressive behavior in mice (Gong et al., 2017).
Despite these promising findings, rolipram does not have a desirable side effect profile

in humans as it commonly induces significant nausea and emesis thought to be caused

by its high affinity for the PDE4 subtype D. Other selective PDE4 inhibitors have been
evaluated in preclinical mouse models, including mesopram, piclamilast, and CDP840
(Blednov et al., 2014). In a 24-hour two-bottle choice test, all three compounds showed
efficacy at reducing ethanol intake and preference but only mesopram produced long-lasting
reductions. Yet, these compounds are not without their own side effect concerns, as there

is a correlation between high affinity binding of these PDE4 inhibitors and emetic activity
(Gong et al., 2017). Roflumilast is a second generation PDE4 inhibitor with FDA approval
for chronic obstructive pulmonary disease. In mice, roflumilast decreased ethanol intake
and preference in two drinking paradigms and did not impact sucrose or quinine drinking
(Liu et al., 2017). However, it was much less potent for reducing drinking than rolipram,
which may be attributable to its poor ability to penetrate the BBB. Finally, apremilast,

a partial competitive PDE4 inhibitor, is FDA-approved for the treatment of psoriasis.
Apremilast has a better side effect profile than the PDE4 inhibitors reviewed above, possibly
because it does not demonstrate PDE4 subfamily (A to D) selectivity (Schafer et al., 2010).
Favorably, apremilast reduced ethanol intake and preference in mice but did not modify
sucrose preference, indicating its effects may be alcohol-specific (Blednov et al., 2018).
This compound may impact ethanol consumption and preference by increasing the aversive
properties of ethanol, including decreasing functional tolerance and increasing sedative
effects (Blednov et al., 2018).

Other preclinical work has investigated the inhibition of other PDE-subtypes. PDE10
inhibition has been evaluated in preclinical rat models through TP-10, a specific PDE10A
inhibitor (Logrip et al., 2014). TP-10 reduced alcohol self-administration in alcohol-
preferring and dependent- and non-dependent rats. However, TP-10 also reduced saccharin
self-administration, indicating that it may have a broader effect on reinforcing substances,
which could limit translation to humans. Of note, inhibitors of PDE1 (vinpocetine),
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PDE3 (olprinone, milrinone), PDES5 (zaprinast), and a non-selective PDE inhibitor
(propentofylline) have all been tested in animal models with null results (Blednov et al.,
2014). Finally, ibudilast, which is a selective PDE inhibitor, with preferential inhibition of
PDE3A, PDE4, PDE10A, and PDE11A, has been tested in preclinical research (Gibson

et al., 2006). Ibudilast reduced drinking and relapse in multiple animal models of AUD,
and critically, has been shown to preferentially reduce drinking in dependent, compared

to non-dependent mice (Bell et al., 2015). Specifically, ibudilast reduced drinking by~50%
in alcohol-preferring and high-alcohol drinking rats, during both maintenance and relapse
tests. It is suspected that ibudilast’s effects on alcohol drinking are primarily driven by the
inhibition of PDE4 and PDE10A.

At present two completed randomized controlled trials investigating the effect of PDE
inhibition in humans with AUD have been published. A human laboratory trial of ibudilast
with a crossover design was conducted in a non-treatment seeking sample with AUD.
Ibudilast decreased tonic craving for alcohol and improved mood following alcohol cue
and stress exposure (Ray et al., 2017). A two-week experimental medicine trial of ibudilast
conducted by the same laboratory similarly enrolled a non-treatment seeking sample with
AUD and results demonstrated that ibudilast reduced rates of heavy drinking and neural
alcohol cue-reactivity compared with placebo (Grodin et al., 2021).

Taken together, PDE inhibitors represent promising novel compounds to treat AUD and

may be particularly effective at reducing alcohol preference, relapse, and negative mood
associated with withdrawal. Ibudilast and apremilast have the best translational potential,
particularly due to their tolerability, and are under investigation in large scale clinical trials.
Specifically, ibudilast (50 mg, bis in die (b.i.d. or twice a day) is being evaluated in a 12-
week randomized clinical trial in treatment-seeking individuals with AUD (NCT03594435)
with a primary outcome of percent heavy drinking days and an additional aim to examine
peripheral markers of inflammation, and depressive symptomology. Apremilast (50 mg,
b.i.d.) is being investigated in a two-week clinical trial in non-treatment-seeking individuals
with AUD (NCT03175549) to assess alcohol cue-induced craving and drinking. At this time,
first generation PDE4 inhibitors do not show translational potential due to their unfavorable
side effect profile. However, next-generation PDE4 inhibitors, particularly those targeting
the PDE4B subtype, hold promise as they are designed with human translation at the
forefront. While PDE10A inhibitors may have translational potential, more preclinical work
must be done to evaluate if PDE10A inhibition causes unfavorable, wide-ranging reductions
in reward seeking behaviors. Future research should validate the immunomodulatory actions
of PDE inhibitors by measuring medication-induced changes in markers of inflammation in
samples of AUD and further connect these changes to meaningful clinical outcomes.

1.1.3. Peroxisome proliferator-activated receptors—PPARs are transcription
factors and members of the nuclear hormone receptor superfamily that have been tested

for their potential role in addiction processes (Ray et al., 2014; Cippitelli et al., 2017).
PPARs form a ligand-activated heterodimer partnership with retinoid X receptors; this dimer
binds to a particular DNA sequence element, referred to as the peroxisome proliferator
response element. PPAR actions can attenuate proinflammatory innate immune signaling
(Michalik et al., 2006) and regulate other cellular and physiological processes, such as
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glucose metabolism, cellular differentiation and proliferation, and lipid-homeostasis. PPARs
are thought to modulate pathways involved in NF-xB and nitric oxide (NO) production and
inhibit expression of TNF-a (Berger and Moller, 2002; Scirpo et al., 2015). The three known
isoforms, PPARa, PPARPB/S, and PPAR-y, are each transcribed from different genes (Berger
and Moller, 2002) and are located in peripheral tissues and neural regions implicated in
AUD (Moreno et al., 2004). These isoforms are activated by eicosanoids and fatty acids

and display broad albeit tissue-specific expression patterns (Michalik et al., 2006). PPARa
is highly expressed in organs carrying out catabolism of fatty acids, PPARRB/& shows the
broadest expression patterns, and PPARy is expressed in adipose tissue and more widely in
the brain, gut, and immune cells. Generally, PPARs are distributed throughout the brain in
neuronal and glial cell types and are suggested to be involved in neuromodulation through
the regulation of genes encoding for neurotransmitter receptors, metabolism, and release
(Moreno et al., 2004). The PPARa and PPARy isoforms are of particular interest to the
addictions field, as their receptors may be involved in modulation of dopamine and GABA
transmission in mesocorticolimbic circuitries as well as providing neuroprotection against
oxidative damage (Ray et al., 2014; Mascia et al., 2011; Melis et al., 2008).

PPAR agonists are anti-inflammatory compounds used to treat insulin resistance in diabetes
and hyperlipidemia (Chigurupati et al., 2015) and show promise as immune therapies for
AUD (see Table 3) and CNS diseases more broadly (Erickson et al., 2019; Le Foll et al.,
2013). Early preclinical work on these targets evidenced the role of PPARs in regulating
ethanol intake, stress-induced ethanol seeking, and withdrawal (Le Foll et al., 2013). The
PPAR-y isoform is suspected to be expressed in dopaminergic cells, as it colocalizes with
tyrosine hydroxylase in the VTA (Le Foll et al., 2013; Stopponi et al., 2013). In alcohol-
preferring male mice, PPAR agonists modulated treatment-response genes in the amygdala,
prefrontal cortex, and liver, suggesting these AUD-relevant gene targets may mediate
reductions in ethanol intake (Ferguson et al., 2014). The PPARy agonist pioglitazone has
been tested extensively in animal models of AUD. Pioglitazone affected several measures of
alcohol-related behaviors in rats, including reductions in voluntary drinking, lever pressing,
and reinstatement of alcohol-seeking behavior, but not prevention of cue-induced relapse
(Stopponi et al., 2011). Behavioral modifications were not due to changes in alcohol
metabolism or blood glucose levels, suggesting that alcohol-related changes were not due to
metabolic effects (Stopponi et al., 2011). A later investigation in rats combined pioglitazone
with an FDA-approved medication for AUD, naltrexone, and revealed larger reductions for
alcohol drinking with this combined administration (Stopponi et al., 2013). These findings
illustrate the potential added benefit of combining neuroimmune therapies with existing,
approved medications to treat AUD. Intriguingly, pioglitazone may also have anxiolytic
properties involving areas of the VTA and amygdala, as it modulated yohimbine stress-
induced reinstatement of alcohol seeking (Fotio et al., 2020), along with neuroprotective
properties that prevent alcohol-induced neuronal and cognitive damage (Cippitelli et al.,
2017).

Several other PPAR agonists have been tested in animal models. In mice, fenofibrate
(PPARQ), tesaglitazar (dual agonist: PPARa/7y), and bezafibrate (pan agonist: PPARa/-y/6)
were independently tested (Ferguson et al., 2014; Blednov et al., 2015). While fenofibrate
and tesaglitazar produced long-lasting reductions in alcohol intake, bezafibrate produced
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mostly null results. Fenofibrate and tesaglitazar also reduced novelty response and increased
acute withdrawal severity (Blednov et al., 2016), but did not modify conditioned place
preference for alcohol (Blednov et al., 2016). In a rat model, fenofibrate treatment had dose-
dependent effects on self-administration and reduced both the reinforcing and motivational
effects of alcohol (Haile and Kosten, 2017). The mechanisms by which fenofibrate reduces
alcohol consumption may be partially due to its effects on genes involved in energy
metabolism, as its administration resulted in increased levels of blood acetaldehyde, which
is aversive and similar to the effects of disulfiram, an FDA-approved medication for AUD.
The effects of PPAR agonists may not be uniform, with mice’ responsiveness depending on
drinking paradigm, sex, and genotype (Ozburn et al., 2020; Blednov et al., 2016; Blednov et
al., 2016). For example, Blednov and colleagues (Blednov et al., 2016; Blednov et al., 2016)
determined that males exhibited larger changes in alcohol consumption than females during
fenofibrate and tesaglitazar administration.

Importantly, PPAR activation may exert effects on alcohol behaviors through both central
and peripheral immune modulation (Erickson et al., 2019) and this corresponds to an
increased interest in the function of peripheral inflammation in AUD. Several PPARa
agonists with actions in the periphery, such as the intestinal tract, have been tested in

animal models. Oleoylethanolamide (OEA) is endocannabinoid-like compound with anti-
inflammatory properties mediated by PPARa activation that may reduce the permeability
of intestinal cells (i.e., “leaky gut”) (Antdn et al., 2017; Karwad et al., 2017). In animal
models, OEA, a known satiety factor, blocked cue-induced reinstatement of alcohol-seeking
and reduced withdrawal severity (Anton et al., 2017; Bilbao et al., 2016). Further, OEA
reduced levels of neural and peripheral proinflammatory markers, such as IL-1p and COX-2
during alcohol consumption (Antdn et al., 2017). The over-the-counter medication, aspirin,
has anti-inflammatory properties, which may be mediated by PPAR-y activation (Yigin et al.,
2009). In rats, the co-administration of aspirin and n-acetylcysteine (NAC) inhibited chronic
alcohol intake by 70% with aspirin administration alone inhibiting chronic intake by 50%
(Israel et al., 2021).

Testing of several PPAR agonists has moved to human samples of heavy drinking but

no randomized trial data for samples of AUD have been published. A clinical trial was
conducted for a dietary supplement containing the precursor of OEA in young adult heavy
drinkers (van Kooten et al., 2016). This supplement significantly improved performance

on a Go/No-Go task of inhibition, which was correlated with reductions in drinking (van
Kooten et al., 2016); yet measures of alcohol use or inflammatory markers were not
collected. Importantly, an experimental medicine study (NCT01631630) of pioglitazone
resulted in premature termination due to concern over myopathy risk (i.e., a neuromuscular
disorder) in the active treatment group (Schwandt et al., 2020). While several PPAR agonists
are FDA-approved medications for medical conditions such as diabetes and dyslipidemia,
they have shown unfavorable side-effect profiles and as a result, regulatory agencies have
issued caution for future clinical trials (Wright et al., 2014). Moreover, PPARy and dual
agonists have shown concerning long-term effects on weight gain, fluid accumulation,
cardiac safety, and tumor development (Wright et al., 2014; Amato, 2012). Despite these
concerns, future work aims to optimize subtype interaction profiles to develop safer and
more effective treatment options (Wright et al., 2014; Amato, 2012). At present, one human
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clinical trial is underway to test the effects of pioglitazone (45 mg/day) on alcohol use and
biomarkers (NCT03864146); another trial was terminated due to the COVID-19 pandemic
(NCT03860753). Researchers completed a clinical trial of fenofibrate for AUD and while
trial results have yet to be published, reporting indicates that no serious adverse events
occurred (NCT02158273).

Overall, evidence on PPAR agonists to date demonstrate their promising potential to reduce
alcohol consumption and mitigate alcohol-related consequences in AUD. The majority of
this work has been completed in animal models and shows that PPAR agonists may reduce
the motivational and reinforcing features of alcohol, potentially by modulating dopaminergic
signaling in the VTA and amygdala (Fotio et al., 2020). Findings across compounds have
been mixed as to whether PPAR agonists’ known metabolic actions, along with their
anti-inflammatory properties, contribute to their effects on alcohol intake, with research
suggesting that these agonists target neurons and modulate synaptic transmission more
prominently than neuroimmune regulation (Ferguson et al., 2014; Stopponi et al., 2011;
Haile and Kosten, 2017). This investigation is limited by the lack of studies validating
PPAR agonists’ effects on markers of inflammation. Other initial findings suggest that these
agonists may attenuate stress-induced alcohol consumption (Fotio et al., 2020) and exert
neuroprotective benefits (Cippitelli et al., 2017). Medications mitigating alcohol-induced
neural damage are highly sought after in CNS therapeutics. PPAR agonists with actions

in the periphery, such as aspirin and OEA, show initial promise for reducing alcohol use
and proinflammatory signaling and warrant safety and efficacy testing in humans. Human
clinical trials for two of the most promising compounds, fenofibrate and pioglitazone, are
emerging. However, long-term side effect profiles of certain PPAR agonists are of concern
and should be tracked closely (Wright et al., 2014; Amato, 2012).

1.1.4. Microglia and astrocytes—Microglia and astrocytes act as immune mediators
in the brain, releasing and responding to immune signals (Nimmerjahn et al., 2005), and

are implicated in alcohol-induced neuroimmune responses (Erickson et al., 2019; Erickson
et al., 2019). Microglia have been shown to regulate escalation of drinking and alcohol
dependence-induced changes in neuronal function (Warden et al., 2020). Activated M1
microglia are thought to secrete TNF-a., IL-6, and IL-1pB, while anti-inflammatory microglia,
M2, release TGF-B and IL-10 (Tang and Le, 2016). Astrocytes have the critical function

of regulating synaptic glutamate levels through glutamate transporters (i.e., Glutamate
Transporter 1 (GLT-1)) (Verkhratsky et al., 2015). The expression and function of astrocytic
glutamate transporters are modulated by proinflammatory cytokines (Tilleux and Hermans,
2007) as well as alcohol, whereby chronic alcohol downregulates the expression of GLT-1
(Sari, 2013). Astrocyte-specific calcium signaling can regulate ethanol intake as well as the
acute stimulatory and sedative-hypnotic effects of ethanol in mice (Erickson et al., 2021).
Glial cells may also play an important role in the modulation of dopamine activity relevant
to addiction through the release of cytokines over dopaminergic neurons (Jimenez-Gonzalez
et al., 2021). Furthermore, a recent study identifying transcriptomic patterns associated

with alcohol dependence found that the largest number of cell-type specific genes with
altered expression in individuals with alcohol dependence were detected in astrocytes and
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microglia (Brenner et al., 2020). Therefore, these glial cells represent potential new targets
for medications focusing on the neuroimmune aspects of AUD (see Table 4).

To date, only one medication targeting microglia has been explored in preclinical models.
Minocycline, a broad-spectrum antibiotic that crosses the BBB, is a microglial attenuator
(Romero-Sandoval et al., 2000) shown to alter immune and cytokine expression in the
brain and periphery (Garrido-Mesa and Zarzuelo, 2013). Results from minocycline studies
for AUD are inconclusive. In male and female mice, minocycline modestly reduced
alcohol intake in a free-choice voluntary drinking model (Agrawal et al., 2011). The
effects of minocycline may be non-specific, as it reduced both alcohol and water intake

in mouse models (Lainiola and Linden, 2017). Moreover, minocycline’s beneficial effects
on alcohol reductions were limited to adult vs. adolescent mice (Agrawal et al., 2014).
However, other results suggest that minocycline modulates a host of AUD-related behaviors
including reductions in alcohol-induced sedation, withdrawal-related anxiety, and alcohol
reinstatement (Gajbhiye et al., 2018; Wu et al., 2011).

Medications targeting astrocytic GLT-1, which aids in the regulation of extracellular
glutamate, include n-acetylcysteine (NAC), ceftriaxone, and clavulanic acid. Astrocytic
compounds have been more extensively studied in animal models and are relevant to AUD
as glutamate expression is known to be dysregulated in AUD and contribute to alcohol
withdrawal. NAC is an over-the-counter dietary supplement and anti-oxidant precursor to
glutathione used to treat acetaminophen poisoning and cystic fibrosis (Ooi et al., 2011).

In rat models, NAC reduced ethanol-seeking and self-administration (Lebourgeois et al.,
2018) but did not prevent cue-primed ethanol reinstatement (Weiland et al., 2015). NAC
may protect against chronic alcohol-induced neuroinflammation in the frontal cortex and
hippocampus, as it prevented both increases in proinflammatory cytokines and decreases
in anti-inflammatory cytokines in rat models (Schneider et al., 2017). Moreover, the co-
administration of NAC and aspirin reduced ethanol intake and relapse binge drinking in
ethanol-preferring rats (Israel et al., 2021). Ceftriaxone, a beta-lactam antibiotic, showed
promising preclinical results for AUD-related behaviors as well. Ceftriaxone attenuated
cue-primed reinstatement of alcohol-seeking (Weiland et al., 2015), reduced alcohol
consumption (Lee et al., 2013), and attenuated relapse-like consumption across rodent
models (Alhaddad et al., 2014; Qrunfleh et al., 2013). Alcohol withdrawal syndrome was
alleviated in a rat model of ethanol withdrawal by ceftriaxone treatment (Abulseoud et al.,
2014). Clavulanic Acid, another beta-lactam antibiotic, increased the expression of GLT-1
and attenuated ethanol consumption and preference (Hakami and Sari, 2017). Importantly,
clavulanic acid attenuated alcohol consumption at a 20-40-fold lower dose than ceftriaxone
and therefore shows higher potential for clinical translation, as large dose-to-body-weight
ratios are unfeasible to use in human samples (Shen et al., 2019).

Among these glial targeting compounds, only minocycline and NAC have been translated
into human clinical samples of addiction. A completed clinical study found no beneficial
effect of a short-term minocycline treatment on inflammation or subjective response to
alcohol among heavy drinkers (Petrakis et al., 2019). Currently underway is a clinical
trial of minocycline testing alcohol use, craving, and neurocognitive impairment in AUD
(NCT04210713). Additionally, in a secondary analysis of a clinical trial for cannabis use
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disorder (CUD), NAC treatment reduced alcohol consumption by 30% (Squeglia et al.,
2018). Several other clinical trials will examine the potential effectiveness of NAC in both
adolescent and adult samples of AUD (e.g., NCT03216954, NCT03707951). These trials
will include combination pharmacotherapy, samples with comorbid psychopathology, and
neuroimaging methods that will test NAC’s ability to modulate cortical levels of relevant
metabolites and neural reactivity to alcohol cues.

In sum, microglia and astrocytes present promising targets for medications development for
AUD. Compounds targeting astrocytes may be particularly useful in normalizing glutamate
expression and treating withdrawal symptoms. The vast majority of existing studies have
involved animal models, but several compounds demonstrate translational potential to
clinical development. While ceftriaxone appears unlikely to translate due to its required dose
size, clavulanic acid’s efficacy at a much lower dose is promising for translation. Clavulanic
acid has shown safety and tolerability in human clinical samples, as it is FDA-approved for
clinical use in combination with an amoxicillin antibiotic. Minocycline and NAC are also
FDA-approved treatments for other medical conditions and ongoing clinical trials aim to
test their effects on AUD-related outcomes. While minocycline is generally well-tolerated
in humans, it is less commonly prescribed than similar antibiotics because it increases

risk for irreversible pigmentation, hepatotoxicity, and lupus-erythematosus-like syndrome
(Garrido-Mesa and Zarzuelo, 2013; Smith and Leyden, 2005). Overall, NAC appears to

be the most promising glia-targeting AUD treatment with multiple ongoing clinical trials.
Orally administered NAC is well-tolerated with long-term use being associated with only
mildly adverse effects (e.g., nausea, diarrhea) (LaRowe et al., 2006). NAC is being tested
as an AUD treatment specifically for adolescents, which represents a novel prospect,

as no pharmacotherapies are currently approved for adolescents with AUD (Hammond,
2016; Winslow et al., 2016). Future research in this area can benefit from assessing
biobehavioral and psychosocial factors to elucidate the mechanisms (e.g., withdrawal
alleviation, neuroprotection) through which NAC and other glia-targeting neuroimmune
therapies might reduce drinking and promote recovery.

1.1.5. Other immune pharmacotherapies—Compounds with specific targets
differing from those covered have been explored as potential immune treatments for AUD.
Indomethacin, a selective cyclooxygenase-2 (COX-2) inhibitor, has been investigated for its
protective effects against alcohol-induced neuronal and cognitive damage (Pascual et al.,
2015; Vetreno et al., 2018; Vetreno et al., 2018). Indomethacin is a potent nonsteroidal
anti-inflammatory drug (NSAID) targeting COX isozymes involved in peripheral and neural
inflammatory responses (Remmel et al., 2004). An initial investigation in rats reported
dose-dependent reductions in alcohol self-administration (George, 1989). More recent work
has focused on adolescence, a developmental period when the brain is especially sensitive
to alcohol’s neurotoxic effects. In adolescent rodents, indomethacin alone (Pascual et al.,
2007) and in combination with exercise (Vetreno et al., 2018; Vetreno et al., 2018) blocked
ethanol-induced neuronal cell death and behavioral deficits.

Using transcriptome-based drug discovery methods, researchers identified several novel
compounds with potential for reducing excessive alcohol use (Ferguson et al., 2018).
Gene expression profiles of heavy drinking mice were compared with gene expression
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signatures of thousands of compounds and the most promising targets were selected via
computational modeling. A sizeable proportion of the compounds identified are thought
to have anti-inflammatory properties, including terreic acid and pergolide, which were
then validated in mice models (Ferguson et al., 2018). Terreic acid is a Bruton’s tyrosine
kinase (BTK) inhibitor (Kawakami et al., 1999), which is an important component in
signaling pathways of B-cell receptors and malignancies, TLRs, and chemokine receptors
(Kim, 2019). Pergolide is a dopamine and serotonin receptor agonist thought to have anti-
inflammatory properties, yet this mechanism is poorly understood (Bendele et al., 1991).
Findings showed that pergolide and terreic acid significantly reduced alcohol intake in
HDID-1 mice (Ferguson et al., 2018). However, terreic acid appeared to have more selective
effects on alcohol intake with pergolide decreasing water and saccharin intake as well
(Ferguson et al., 2018).

Endogenous neuroactive steroids, termed “neurosteroids”, are implicated in neuroimmune
signaling in AUD. These steroids are synthesized in the brain and have a range of genomic
and non-genomic actions, including modulation of GABAAR-mediated neurotransmission,
TLR-dependent signaling (i.e., blocking TLR-MyD88 binding) (Balan et al., 2021), and
CRF signaling, with the potential to target complex symptomatology of AUD (Gatta et

al., 2021; Morrow et al., 2020; Reddy, 2010). Neurosteroids that are positive modulators

of GABARS, such as allopregnanolone and pregnenolone, demonstrate anticonvulsant,
sedative, and anxiolytic effects. Research shows that chronic alcohol exposure depletes
neurosteroids in human serum and brains of rodents and monkeys; this depletion contributes
to psychological and behavioral adaptations, which are further exacerbated by withdrawal
and binge drinking (Morrow et al., 2020; Finn and Jimenez, 2018). Neurosteroids are

being investigated as potential treatments given their ability to restore homeostasis in

these functions (Morrow et al., 2020) and reduce alcohol intake (see relevant reviews
(Morrow et al., 2020; Finn and Jimenez, 2018; Tomaselli and Valiee, 2019). In several
preclinical studies, allopregnanolone or the precursor pregnenolone reduced ethanol intake,
preference, or reinforcement in male alcohol-preferring rodents at high doses, demonstrating
initial efficacy (Ford et al., 2005; Janak et al., 1998; Rezvani and Levin, 2014). However,
neurosteroids may actually increase ethanol consumption and reinstatement at low doses or
in non-dependent breeds (Morrow et al., 2020; Ramaker et al., 2014).

Cannabidiol (CBD), a non-psychoactive component of the cannabis plant, has received
considerable attention as a possible therapeutic for illnesses including AUD (Turna et

al., 2019). CBD exhibits diverse biological effects, such as on learning and memory,
immune system, appetitive behaviors, and neuroprotection by interacting with the body’s
endocannabinoid system and possibly other receptors like serotonin and opioid (Turna et al.,
2019). Research supports CBD’s anti-inflammatory effects with immune signaling actions
in the periphery and CNS; anti-inflammatory targets of CBD include CB, CB,, TRPV1,
GPR55, and 5-HT; serotonin receptors with downstream actions on PPAR~y, COX-2
enzymes, NF-xB, etc. (Burstein, 2015; Pellati et al., 2018). Several studies have tested
whether CBD administration can reduce alcohol intake and related harms in preclinical
models (see systematic review (Turna et al., 2019), including alcohol’s neurotoxic effects,
motivation and intake, and hepatoxicity). Findings consistently support CBD as a candidate
pharmacotherapy for AUD. In rodent models, CBD treatment reduced voluntary alcohol
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consumption (Viudez-Martinez et al., 2018) and prevented cue- and stress-elicited alcohol
reinstatement (Gonzalez-Cuevas et al., 2018). While, the majority of this work has yet

to examine CBD’s impact on immune markers, one study testing hepatoxicity found that
CBD attenuated alcohol-induced increases in liver enzymes, mRNA expression of cytokines
TNF-a and IL-1pB, and several chemokines (Wang et al., 2017). These results suggest that
CBD’s ability to prevent liver damage is partially attributable to immune processes. Other
evidence from in vitro models demonstrates cannabinoids’ potential to reduce intestinal
permeability, which might have therapeutic implications (Alhamoruni et al., 2010).

Research on compounds reviewed in this section remains in early stages and is largely
restricted to preclinical models not yet translated to human samples of AUD (see Table

5). However, one human laboratory trial of the neuroactive steroid, dutasteride, was
completed and enrolled males reporting light and heavy drinking patterns. Participants were
randomized in a crossover design to both placebo and 4 mg dutasteride pretreatment before
alcohol administration (Covault et al., 2014). Results were encouraging, such that males
with heavy drinking patterns reported fewer heavy drinking days in the two weeks following
pretreatment for dutasteride vs. placebo and further, the compound was well tolerated.
Clinical trials of neuroactive steroids for other psychiatric conditions similarly demonstrate
safety and tolerability with no serious adverse effects reported, yet mild sedative effects
may occur (Morrow et al., 2020). Continuing, animal models show that indomethacin

may be a particularly promising compound for preventing alcohol-induced neurocognitive
deficits. Indomethacin administration, however, can cause gastrointestinal toxicity due to its
action as a partial COX-1 inhibitor and this may be particularly concerning when alcohol

is concurrently consumed. Yet, analogues of indomethacin with less severe side effect
profiles may become available (Blobaum et al., 2013) and may warrant safety and efficacy
testing in humans. Development of medications that attenuate alcohol-related neurocognitive
impairments in adults and adolescents are merited as these deficits (e.g., inhibitory control,
working memory) contribute to continued alcohol use by interfering with goal-directed
decision making, self-regulation, and treatment (Bates et al., 2006). Using the bioinformatic
approach described above (Ferguson et al., 2018), terreic acid proved to be most selective
for reducing heavy drinking in mice. While several second-generation BTK inhibitors
show clinical promise, the safety profile of terreic acid (Kawakami et al., 1999) and its
translatability to humans remains unclear (Kim, 2019).

As such, the next step would be replication of these promising results in additional animal
models followed by research on the safety of this compound or other BTK inhibitors

in humans. A major benefit of using this bioinformatics approach to select promising
compounds for AUD is many of these compounds are FDA-approved for other medical
conditions, thus shortening development time and reducing research costs. CBD, through
its diverse biological actions, appears to advantageously target several AUD domains
including liver damage, intestinal permeability, and motivation but the degree to which
these effects are attributable to immune mechanisms is undetermined and warrants further
research (Turna et al., 2019). CBD proves to be safe and tolerable in a range of clinical
samples (Larsen and Shahinas, 2020) but translational challenges exist, including the low
bioavailability of oral CBD in humans and potential contraindication with liver impairment
(Turna et al., 2019). Randomized clinical trials of CBD are ongoing and will serve
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to translate these exciting preclinical findings to human AUD samples (NCT03252756;
NCT04205682). One pilot trial will examine CBD dosing and its effects on withdrawal
symptoms among inpatients. An 8-week trial of CBD will also assess changes in self-
reported and biomarkers of alcohol use among treatment-seeking individuals with AUD.
Moreover, randomized clinical trials of several neuroactive steroids for the treatment of
AUD are also underway (NCT03872128; NCT02582905; NCT04098302; NCT04015869).
These trials include crucial investigation into sex differences and the effect of neurosteroids
on alcohol intake, withdrawal, stress reactivity, and mood symptoms. In sum, the complexity
of the body’s immunological pathways and the phenotypic heterogeneity seen in AUD will
result in the continued identification of novel immune targets.

1.1.6. Behavioral interventions—In addition to the pharmacotherapies reviewed
above, behavioral interventions may also mitigate heavy drinking and elevations in
proinflammatory levels observed in AUD (see Table 5). While the anti-inflammatory effects
of mind-body therapies have been explored in the context of chronic disease, depression,
and aging (Bower and Irwin, 2016; Morgan et al., 2014), this area of research has only
recently emerged in the context of AUD (McClintock et al., 2019). Mind-body therapies
promote self-regulation and positive affect while decreasing stress reactivity and negative
affectivity. Relevantly, heavy alcohol use is known to alter the body’s natural biological
stress system (Sinha, 2009) and stress increases alcohol craving and use. These therapies
are hypothesized to interact with the neuroimmune system through downstream stress
reactivity pathways, and thereby reverse activation of inflammatory mechanisms (Bower and
Irwin, 2016). Existing research illustrates that mind—body therapies reduce proinflammatory
gene expression profiles in healthy adults and those with medical or psychiatric conditions
(Bower and Irwin, 2016). Mindfulness-Based Relapse Prevention (MBRP) is a mind-body
therapy specifically designed for individuals with addiction (Grant et al., 2017). MBRP

is typically delivered in 2-hour group sessions aimed to cultivate increased awareness

of present-moment cognitive, emotional, and physical states, especially as they relate to
cravings and withdrawal (Grant et al., 2017).

Few randomized trials of MBRP have been conducted in AUD populations and findings on
its effectiveness have been mixed (Bowen et al., 2009; Zgierska et al., 2019). MBRP may be
most effective for individuals with severe AUD or comorbid mood symptomatology (Roos et
al., 2017), which is supported by literature linking depression and inflammation (Miller and
Raison, 2016). One trial connecting biological markers to behavior examined the impact of
MBRP on peripheral proinflammatory levels in adults with alcohol dependence (McClintock
etal., 2019). While significant decreases in 1L-6 following MBRP were not detected, greater
time spent practicing mindfulness predicted lower levels of circulating IL-6, suggesting
regular mindfulness practice might reduce peripheral proinflammatory levels (McClintock et
al., 2019).

One clinical trial underway will extend this research by exploring immunological,
epigenetic, and neurobiological changes associated with MBRP in AUD (NCT02994043).
Additional trials seek to further test MBRP efficacy, identify predictors of positive
outcomes, and mechanisms of behavior change (NCT03842670; NCT0214783). Availability
of behavioral interventions that serve to treat AUD maintenance factors (e. g., stress
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reactivity) differing from those typically targeted in existing evidence-based therapies, is

a needed contribution to the field. Further, medications for AUD are largely under prescribed
due to provider and patient factors and thus a group therapy option, with potentially novel
anti-inflammatory actions, is critical.

1.2. Conclusions and future directions

A host of treatments targeting the immune system show promise for treating AUD. The
guiding principle in this review is a translational focus on the biological and clinical
plausibility of the immune therapies tested. We contend that, in order to push medications
development forward, treatments’ clinical applications and utility is equally as important as
an understanding of their biological mechanisms. Considerations in the translation from
preclinical to clinical medications development include dosage and target engagement.
While most of the discussed medications will be administered to humans orally, chronically,
and at doses selected to prevent toxicity, most rodent studies use acute intraperitoneal
injection administration with doses that produce blood levels much greater than would be
achieved in humans. Relatedly, the exact peripheral and/or central mechanisms of action
through which many of the discussed medications act to reduce alcohol intake remain
unclear. For instance, certain compounds do not readily cross the BBB, indicative of low
engagement at brain targets. Brain effects can be more easily achieved by increasing dosage
in rodents, yet this is often unfeasible in humans. Along with compound availability, adverse
event profile, and commercialization potential, these translational and clinical applications
must be considered in order to feasibly reach, and safely and effectively treat individuals
suffering from AUD (Litten et al., 2020).

Given these considerations, numerous treatments show significant promise even when held
to the highest standards of clinical plausibility. For instance, two PDE4 inhibitors are

in advanced stages of testing for AUD, apremilast (Blednov et al., 2018) and ibudilast
(Ray et al., 2017). Pioglitazone (Blednov et al., 2015) and fenofibrate (Haile and Kosten,
2017), both PPAR agonists, have been extensively tested for in animals models (Stopponi
et al., 2013), and have moved into clinical trials for AUD. Moreover, ongoing clinical
trials for NAC are wide-ranging and will test this treatment’s efficacy in combination

with more established AUD pharmacotherapy in adolescent samples and in adult samples
with comorbid psychopathology. However, careful attention to side effect profiles and
tolerability is necessary as immune research progresses into human samples with heavy
alcohol use. For example, a trial of pioglitazone for AUD was halted over myopathy risk
concerns (Schwandt et al., 2020). More research testing the neuroimmune hypothesis of
AUD in human samples is also needed. In addition to pharmacotherapies, mind—body
therapies, particularly MBRP, show potential to restore healthy levels of inflammation
through downstream stress-reactivity pathways (McClintock et al., 2019). In brief, while
in its early stages, the future of immune therapies in AUD appears bright, consistent with its
application to other psychiatric disease states.

Based on the premise that immune therapies deserve careful attention for the indication of
AUD, the next obstacle is establishing an effective compound screening model (Ray et al.,
2021). Recognition that novel compounds and mechanisms may call for novel screening

Brain Behav Immun. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meredith et al.

Page 19

methods, is key in facilitating progression from preclinical to clinical settings. The endpoint
of reduced alcohol consumption remains a gold-standard for AUD trials, yet initial efficacy
testing in non-treatment-seeking samples may require a broad set of endpoints, including
safety and tolerability. Other important outcomes may include treatment effects on mood,
neurocognition, biomarkers of peripheral and neural immune signaling, and withdrawal
symptoms. Future research may also benefit from examining medication effects in the
context of experimental laboratory paradigms, such as alcohol self-administration or stress-
and cue-reactivity, as these methods afford efficient early efficacy testing, that is faster

and less costly than full-scale clinical trials (Bujarski and Ray, 2016). Moving forward,
screening should consider all aspects of medications and therapy development to advance
understanding of how treatments interface with immune processes and their clinically
relevant effects on brain and behavior.

After initial human testing, clinical trials should consider a broad range of factors involved
in AUD recovery (Witkiewitz et al., 2020). As recently redefined, recovery from AUD is

a “process by which individuals substantially reduce or eliminate AUD symptoms while
enhancing one’s social support and psychosocial functioning in order to build resilience to
relapse” (PA 18-619). To that end, the combination of pharmacotherapy with synergistic
and evidence-based behavioral therapy may be critical to reaching recovery endpoints
beyond reductions in alcohol use. Identification of optimal combinations has resulted in
success across areas of medicine. Likewise, identifying subgroups of treatment responders
through precision medicine approaches can boost medication effect sizes dramatically
(Litten et al., 2020). Would individuals showing a particular set of vulnerabilities in their
AUD presentation, such as “leaky gut”, elevated peripheral proinflammatory markers, or
depressive symptomatology, be best suited for therapies targeting the immune system?
Further, would specific individual inflammatory profiles show better responses to these
treatments targeting inflammation and disruption of immune signaling? These are the type
of questions we envision having high translational value as indexed by a high potential to
inform clinical care and to improve treatment efficacy. Another approach with the potential
to inform medications development for AUD, including immune therapies, is the use of
pharmacoepidemiology. As datasets from closed health systems become more detailed and
informative, questions about the efficacy of immune therapies for heavy alcohol use may
become accessible. Such approaches have already proven helpful when characterizing opioid
use, a high priority area (Hudson et al., 2017). While pharmacoepidemiology offers an
emerging tool in this area, one of the limitations is the fact that a full clinical picture

may not emerge until treatment-seeking individuals attempting to change their drinking are
considered in efficacy trials.

In closing, this qualitative review of immune therapies for AUD demonstrates optimism
with regard to the biological and clinical plausibility of treatments that can restore

healthy immune function as a means of promoting AUD recovery. As the field progresses
with clinical testing, literature calls for adjustments in the way AUD medications are
developed with a particular focus on how novel treatment mechanisms can be effectively
captured in clinical samples. To that end, efficacy screening models (i.e., human laboratory
trials, neuroimaging) sensitive to the unique effect of immune modulation on psychology,
behavior, and biomarkers are critical. Overreliance on models used to capture medication
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effects on standard phenotypes (e.g., craving or subjective response to alcohol) may result

in ‘missing the signal’ from immune treatments on other key components of addiction (e.g.,
affect and neurocognition). Moving towards clinical testing and randomized controlled trials,
a broad definition of recovery along with identification of predictors of treatment response
are central to establishing the utility of novel immune treatments. A nuanced understanding
of treatment effects in turn can advance the much-anticipated precision medicine approach
to AUD.
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Alcohol Use Disorder
Moderating Factors

- chronicity and heaviness of drinking

Immunologic Alterations

- 4 immune ligands (cytokines, chemokines)
- 4 immune receptor activation
- 4 glial activation - 4 gut leakiness

Clinical Symptomology Affected by Inflammation

- 4 neural damage - A negative mood
- v cognitive function - 4 withdrawal symptoms
- 4 alcohol consumption - 4 liver disease

- age - ethnicity - sex - stress - smoking
- genetics - withdrawal - sleep - depression

{

{

Immune Therapies

Targets Medications

Toll-like Receptors —>
Phosphodiesterase @~ ———»

Naltrexone - Naloxone
Ibudilast - Apremilast

'S

- PPARs BE— - Fenofibrate

- Microglia — - Minocycline

- Astrocytes L - N-Acetylcysteine
Fig. 1.

Brain-Immune Interactions in Alcohol Use Disorder. Potential moderators of the relationship
between alcohol use disorder (AUD) and the immune system include factors such as

age, sex, stress, sleep, and smoking. Multiple aspects of the immune system are altered
by chronic alcohol consumption, including increased concentrations of proinflammatory
immune ligands, increased immune receptor and glial activation, and breakdown of

down lymphatic duct lining and endothelial cell junctions (i.e., gut leakiness). In return,
inflammation and immune imbalance are thought to affect clinical symptoms of AUD,
ranging from negative mood and cognitive dysfunction to withdrawal symptoms and liver
disease. The pharmacological immune therapies discussed in the current review act on
specific immune targets to potentially mitigate the effects of immunologic alterations and
associated clinical symptomatology in AUD; PPARs = peroxisome proliferator-activated
receptors.
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Table 1
Toll-Like Receptors.
Immunotherapy Potential Animal Study Findings Human Study References
Immune Tar get Findings

Toll-Like Receptors (TLRs):

Naltrexone TLR4 | binge drinking in adulthood | return to drinking (Jonas et al., 2014) (Jacobsen et
| alcohol preference | heavy drinking al., 2018) (Jacobsen et al., 2018)
| immune-related gene mMRNA expression  days

Naloxone TLR4 | alcohol-induced sedation - (Wu et al., 2012) (Harris et al.,
| alcohol-induced motor impairment 2017)

Nalmefene TLR4 | alcohol-induced neuroinflammation | heavy drinking (Karhuvaara et al., 2007)

Sulfasalazine
TPCA-1

Amlexanox

T5342126

| binge drinking

IKKB inhibition | ethanol intake and preference

IKKB inhibition | ethanol intake and preference

TLR3/TRIF | ethanol consumption
inhibition
TLR4 | ethanol consumption

| microglial activation marker

days
| drinks per drinking
day

(Montesinos et al., 2017)

(Truitt et al., 2016)
(Truitt et al., 2016)
(MccCarthy et al., 2018)

(Bajo et al., 2016)
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Table 2

Phosphodiesterase Inhibitors.

Immunotherapy Potential References
Immune

Tar get

Animal Study Findings Human Study Findings

Phosphodiesterase (PDE) Inhibitors:

lbudilast PDE3 -4-10& | ethanol consumption | alcohol craving (Bell et al., 2015) (Ray et al.,
-11 T mood outcomes 2017) (Grodin et al., 2021)
| heavy drinking days
clinical trial underway:
NCT03594435 completed
clinical trials:
NCT03489850
NCT02025998
Rolipram PDE4 | ethanol intake and preference - (Huetal., 2011) (Wen et al.,
2012) (Blednov et al., 2014)
(Franklin et al., 2015) (Gong et
al., 2017) (Ozburn et al., 2020)
Mesopram PDE4 | ethanol intake and preference - (Blednov et al., 2014)
Piclamilast PDE4 | ethanol intake and preference - (Blednov et al., 2014)
CDP840 PDE4 | ethanol intake and preference - (Blednov et al., 2014)
Apremilast PDE4 1 ethanol-inducedsedation and clinical trial completed: (Blednov et al., 2018) (Blednov et
intoxication no effect on ethanol NCT03175549 al., 2018)
CPP or withdrawal
| ethanol intake and preference
Rofumilast PDE4 | ethanol intake and preference - (Liuetal., 2017)
TP-10 PDE10 | relapse-like alcohol self- - (Logrip et al., 2014)

administration

Note. CPP = conditioned place preference
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