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ABSTRACT
Opioid use disorder is a persistent epidemic despite several FDA-approved medications for its treatment. While the pathogenesis 
of opioid use disorder has been classically attributed to dopamine pathways in the brain, there is emerging evidence and interest 
surrounding the role of inflammation and inflammatory signaling in its development and treatment. Buprenorphine has become 
the most prescribed medication for opioid use disorder, largely due to its ease of access and tolerability. This review aimed to 
better characterize contemporary knowledge of how buprenorphine modulates the human immune system and inflammatory 
functions in this population. A comprehensive review was conducted using 11 key databases, including Embase, MEDLINE, 
Cochrane Central Register of Controlled Trials, and Clini​calTr​ials.​gov. This review captured 8177 records, and 14 studies were 
ultimately selected for inclusion and discussion in this review. Notably, all 14 clinical studies evaluated buprenorphine's effect 
on the peripheral immune system, and the majority of the studies supported the notion that initiation and maintenance of bu-
prenorphine restore immune suppression caused by opioid use disorder. In addition, we discuss how recent and ongoing work 
utilizing advanced imaging and cellular technologies is advancing the understanding of how buprenorphine affects the immune 
and inflammatory signaling in the brain.

1   |   Introduction

Opioid use disorder (OUD) is a persistent epidemic that has 
claimed over a half a million lives in the United States be-
tween 1999 and 2020 [1]. Currently, the gold standard for OUD 
treatment includes three FDA-approved medications for OUD 
(MOUD)—methadone, naltrexone, and buprenorphine [2]. In 
the recent decade, buprenorphine became the most commonly 
prescribed MOUD, with more than 16 million prescriptions writ-
ten in 2022, largely due to ease of access compared to methadone 
[3] and a better tolerability profile compared to naltrexone [2]. 

Despite available MOUD, fatal overdoses and the economic bur-
den have continued to rise. In 2021, fatal overdoses involving an 
opioid were responsible for more than 70,000 deaths, more than 
a sixfold increase since 1999 [4]. The total estimated economic 
burden of OUD rose from $78 billion in 2013 [5] to more than $1 
trillion in 2017 [6]. Moving forward, an improved understanding 
of the pathogenesis of OUD and mechanisms of available treat-
ments remain imperative.

The pathogenic mechanism of OUD in the brain is not fully un-
derstood, but a complex combination of dopamine-dependent 
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and -independent neuronal mechanisms has been described 
[7–10]. Emerging evidence also highlights that opioid abuse re-
sults in a pro-inflammatory state in both the periphery and the 
central nervous system (CNS) in humans [11–14]. Importantly, 
the inflammatory changes in the CNS resulting from opioid 
abuse have also been hypothesized to directly and indirectly 
modulate dopamine signaling in the brain, leading to OUD's 
development or further exacerbation [15, 16]. Therefore, further 
elucidation of immune and inflammatory mechanisms in OUD 
may lead to the development of novel therapies for OUD.

In light of inflammation as an emerging pathogenic pathway of 
OUD, there has also been an increased interest in immune or in-
flammatory modulation by MOUD. Recently, immunomodulatory 
profiles of various opioids have been reviewed by Franchi et al. [17] 
with a particular focus on methadone. In their review, methadone 
appeared to be immunosuppressive in preclinical studies, but clin-
ical studies suggested that methadone may restore heroin- or other 
opioid-induced immune dysfunction [17]. However, this contrasts 
with another recent scoping review of methadone's effect on the 
hematological system, which suggests that prolonged methadone 
therapy may result in immune hyperactivation and derangements 
in circulating, with authors calling for a better substitute for OUD 
treatment [18]. The immune modulatory role of naltrexone has 
also gained increasing attention, with particular interest in its role 
in modulating immune function in cancer patients—these studies 
have been recently reviewed [19, 20].

The role of buprenorphine's impact on immune or inflammatory 
modulation is also of major interest, considering its wide and grow-
ing use in OUD. In preclinical studies, buprenorphine has been 
shown to have neutral or anti-inflammatory effects on the periph-
eral immune system function [21–25]. However, this is in contrast 
with preclinical findings within the CNS—which have shown 
that buprenorphine treatment resulted in increased microglial 
activation in a rat mode, suggesting a pro-inflammatory role [26]. 
In addition, sex-specific immune modulatory effects of buprenor-
phine have also been characterized in mice [27], highlighting the 
complexity of buprenorphine's effect within the CNS. To date, a 
comprehensive understanding of buprenorphine's immunomod-
ulatory effect on the human immune system is lacking. In light 
of the increasing focus by the addiction research community on 
the role of inflammation in the pathogenesis of OUD, as well as 
a growing understanding of buprenorphine's role in modulating 
immune and inflammatory functions in recent preclinical studies, 
this review aimed to better characterize how buprenorphine mod-
ulates the human immune system and inflammatory functions.

2   |   Methods

2.1   |   Information Sources

We conducted a comprehensive search to find relevant literature 
on the effect of buprenorphine on the human immune system 
and inflammation. A medical librarian (M.M.) developed and 
deployed the search strategy in consultation with the research 
team (T.O., S.D.S., and R.B.). The search was built in Embase 
and reviewed by an independent medical librarian. Studies were 
identified via searches of the databases Embase, MEDLINE, 
Cochrane Central Register of Controlled Trials (CENTRAL), 

and the Cochrane Database of Systematic Reviews (CDSR)—all 
via the Wolters Kluwer Ovid interface; Science Citation Index 
Expanded (SCI Expanded), Emerging Sources Citation Index 
(ESCI), and Preprint Citation Index (PCI)—all via the Clarivate 
Analytics Web of Science interface and SCOPUS; the search en-
gine Google Scholar (https://​schol​ar.​google.​com/​); and clinical 
trial registers Clini​calTr​ials.​gov (https://​clini​caltr​ials.​gov/​) and 
the International Clinical Trials Registry Platform (https://​trial​
search.​who.​int/​). English language database limits were ap-
plied as available or built into the search strategy when possible. 
Animal studies were restricted, when possible, via the search 
strategy. No published search filters were applied. The Embase 
search strategy was manually translated across all resources 
using syntax, controlled vocabulary, and search fields. MeSH 
thesaurus terms from MEDLINE, EMTREE thesaurus terms 
from Embase, and text words were used for search concepts re-
lated to buprenorphine, inflammation, and the immune system. 
All database, search engine, and trial register searches were per-
formed on 11 October, 2023. Full search strategies are available 
in Supporting Information and https://​osf.​io/​f25jg/​​. All records 
were downloaded or manually added to EndNote 20 Desktop 
version and deduplicated using a method by Bramer et al. [28]. 
To supplement database, search engine, and register searches, 
backward (cited) citation searches of the bibliographies of all 14 
included studies were performed in April 2024 resulting in no 
additional records to screen. Forward (citing) citation searches 
of all 14 included studies were performed using SCOPUS on 
April 9, 2024, resulting in 439 records to screen after 35 dupli-
cates were removed by Covidence's deduplication feature (28 re-
cords) and manually (7 records).

2.2   |   Selection Criteria and Study Categorization

Study inclusion criteria included in  vivo, ex  vivo, or in  vitro 
studies investigating buprenorphine's role in modulating in-
flammation in humans. Studies were categorized as in vivo if 
buprenorphine was administered directly to human subjects 
and samples were analyzed at collection without further ma-
nipulation. Studies were categorized as ex vivo if buprenorphine 
was administered directly to human subjects and samples un-
derwent secondary treatment in cell culture before analysis. 
Studies were categorized as in  vitro if buprenorphine was ad-
ministered to human samples in cell cultures. Exclusion criteria 
included animal models, human studies with comorbid disease 
states (such as HCV, HIV, cancer, chronic pain, or autoimmune 
conditions), confounding pharmacological interventions in ad-
dition to buprenorphine, incomplete studies, review articles, and 
studies without clear experimental outcomes such as case re-
ports. Studies that met the inclusion and exclusion criteria were 
reviewed and categorized based on study design (i.e., prospec-
tive vs. cross-sectional, randomized vs. case–control, in vivo vs. 
ex vivo or in vitro), sample type, sample size, and immune or 
inflammatory parameters measured by the study.

3   |   Results

This review captured 8177 records, and 14 studies were ul-
timately selected for inclusion and discussion in this review 
(Figure  1). The study design, sample type and size, and key 
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immune and inflammatory markers investigated in the 14 stud-
ies are detailed in Table 1. Three studies were completed in the 
United States, while the remaining studies were completed in 
Asia and Europe. Seven of the 14 studies were categorized as 
in vivo and/or ex vivo human studies based on their study design 
(Table 1). The other seven studies were categorized as in vitro 
mechanism studies, utilizing primary human cells for at least 
a portion of their work in order to further elucidate the mech-
anism of buprenorphine's effect on the human immune system 

(Table 1). Only one study was designed as a prospective random-
ized control trial [29], while the other in  vivo/ex vivo studies 
were designed as prospective or cross-sectional case–control 
studies. With regard to sample types, three studies included 
active heroin or other opioid users [30–32] and four studies in-
cluded ex-heroin users in their design [29–31, 33]. Nine studies 
were completed with healthy patients or samples from healthy 
patients (treated with buprenorphine or other opioids in vivo or 
in vitro) without active- or ex-heroin/opioid group (Table 1).

FIGURE 1    |    Flow of information through literature search and review.
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Each study in this review analyzed various aspects of the human 
immune and inflammatory changes related to buprenorphine. It 
is important to note that all studies characterized peripheral im-
mune and inflammatory changes. Two studies analyzed direct 
skin reactions to characterize histamine release and mast cell 
function [34, 35], while isolated immune cells were analyzed in 
the remaining 11 studies. One study focused on buprenorphine's 
effect on other inflammatory markers, including acute phase re-
actants and oxidative activity [33]. One study assessed cytokines 
directly from the plasma of ex-heroin users randomized into 
MOUD groups, including a buprenorphine group [29]. Two stud-
ies assessed cytokine secretion in ex vivo culture mediums of pe-
ripheral blood mononuclear cell (PBMC) samples from human 
subjects [30, 31], and one study measured cytokines released into 
the in  vitro culture medium of primary human macrophages 
[36]. Five studies measured cytokines as outlined in Table 1; cy-
tokines measured in these studies include TNF-α, IFN-γ, IL-1β, 
IL-2, IL-4, IL-6, IL-10, and IL-12. All five studies measured pro-
tein levels of cytokines utilizing ELISA or Luminex; one of the 
five studies also measured mRNA changes via qPCR in addition 
to ELISA [36]. Lastly, one study measured immune modulators 
prostaglandin D2 and peptide leukotriene C4 [37].

4   |   Discussion

4.1   |   Early Clinical Safety Studies 
of Buprenorphine

The initial studies of buprenorphine's effect on the human im-
mune system were conducted around the time of the official US 
FDA approval of buprenorphine. These studies focused on the 

clinical safety profile of a new medication, with particular in-
terest from anesthesiologists regarding histamine release and 
anaphylaxis in response to buprenorphine (Table 1). The three 
studies related to the topic reported no significant safety con-
cerns, and the lack of significant histaminergic or anaphylac-
tic response with buprenorphine treatments in these studies 
contributed to the approval and ultimate widespread use of 
buprenorphine [34, 35, 37]. One study utilized mast cells iso-
lated from skin and lung samples for mechanistic insight re-
garding prostaglandin D2 and peptide-leukotriene C4 release 
in response to buprenorphine, although the tissue samples were 
collected from breast cancer and lung cancer patients (resected 
skin and lung parenchymal tissue during surgery) [37].

4.2   |   Buprenorphine's Effect on Monocytes

Buprenorphine's effect on peripheral monocyte function is 
most studied to date. Neri et al.'s study in 2005 was the first 
and only randomized and prospective controlled trial in-
cluded in this review that studied buprenorphine's effect on 
the human immune system, with a particular focus on mono-
cyte function [29]. In this work, the authors investigated 
changes in inflammatory markers before and after long-term 
buprenorphine treatment in ex-heroin users and compared 
these changes to healthy subjects. CD14+ monocyte count 
(isolated from PBMCs) and plasma cytokine levels were 
measured as key markers of inflammation in the human pe-
ripheral immune system. Prior to buprenorphine treatment, 
heroin users had a lower CD14+ monocyte count compared 
to the healthy controls, and there were no pretreatment dif-
ferences between the two groups of heroin users who were 

TABLE 2    |    Summary of buprenorphine's effect on various immune cell functions and inflammatory markers.

Immune cell/marker Effect of buprenorphine

Mast cells/histaminergic response No significant histaminergic response, no reports of anaphylaxis [34, 35, 37]

Monocyte count Restores CD14+ monocyte counts and plasma cytokine levels in heroin users to levels 
higher than healthy controls, suggesting hyperactivation of the immune system [29]

Monocyte chemotaxis Dampens CCL-2–mediated monocyte chemotaxis and migration in vitro, 
potentially contradicting in vivo findings of immune restoration [41]

Monocyte adhesion Decreases monocyte adhesion to brain microvascular endothelial 
cells, specifically inhibiting monocyte–ICAM-1 binding [45]

Macrophage phenotype Decreases pro-inflammatory cytokine mRNA in M1 macrophages and increases 
markers of M2 macrophage activation, indicating an anti-inflammatory effect [36]

Lymphoproliferative capacity Restores the lymphoproliferative capacity of PBMCs in heroin 
users to levels comparable with healthy controls [30]

Neutrophil function Inhibits neutrophil chemotaxis and superoxide production, suggesting 
a dampening effect on neutrophil function [32, 49, 50]

NK cell function No significant effect on cytotoxic function [50, 51]

T cell function No change in T cell activation markers [50]
Restores the T-reg phenotype in opioid users, normalizing CD4+/

CD25(high) T-reg counts to levels seen in healthy controls [31]

Inflammatory markers Buprenorphine and methadone differentially affect inflammatory 
markers, with buprenorphine increasing malondialdehyde levels and 
methadone increasing high-sensitivity C-reactive protein levels [33]

Buprenorphine increased plasma TLR4 [32]
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subsequently randomized into methadone or buprenorphine 
for the 12 months of MOUD treatment. The authors also re-
ported lower plasma levels of TNF-α, IL-1β, and IL-2 in heroin 
users compared to healthy controls. These baseline charac-
teristic findings of heroin users versus healthy controls are 
consistent with previous work in OUD, which demonstrated 
that active heroin users have an overall decreased immune re-
sponse [38]. For example, patients who abuse opioids have been 
shown to have a poor response to vaccines [39], and the results 
from Neri et al.'s work are mechanistically consistent with the 
crucial role of monocytes in modulating proper immune re-
sponse to vaccines [40]. In Neri et  al.'s work, CD14+ mono-
cyte counts were shown to be restored in both MOUD groups 
following 12 months of MOUD treatment with buprenorphine 
or methadone [29]. Interestingly, the CD14+ monocyte count 
in both groups surpassed that of the healthy control group, 
and plasma levels of TNF-α, IL-1β, and IL-2 also surpassed 
healthy controls. These results formed the basis of the the-
ory that MOUD treatment leads to “hyperactivation” of the 
immune system in chronic heroin users. Overall, Neri et al.'s 
work characterized a potential key inflammatory marker of 
buprenorphine treatment and provided evidence for a poten-
tial pragmatic solution to a previously described clinical prob-
lem (i.e., revaccinating previous opioid users after consistent 
treatment with buprenorphine) [39].

In 2015, Carvallo et  al. [41] (Berman laboratory) further in-
vestigated the mechanisms of buprenorphine's effect on 
monocyte function by specifically characterizing monocyte 
chemotaxis and migration. In this in  vitro study, CD14+ 
monocytes were isolated from PBMCs of unspecified healthy 
human donors and treated with CCL-2, the most potent mono-
cyte chemoattractant [42], to induce morphological change 
and migration. In this work, when monocytes were co-treated 
with buprenorphine and CCL-2, buprenorphine demon-
strated a dampening effect on CCL-2–mediated phenotypic 
changes and cellular migration in primary human monocytes. 
Furthermore, a time-course experiment in this study showed 
that buprenorphine decreased the rate of CCR-2 (CCL-2 re-
ceptor) recycling back to the monocyte cellular membrane, 
thus possibly explaining how buprenorphine may counteract 
CCL-2–mediated monocyte chemotaxis and migration. In the 
context of previous work, these findings may appear poten-
tially contradictory. Specifically, Neri et al. showed presumed 
(in vivo) improvement or restoration of immune function in 
heroin users (measured by absolute CD14+ count and cyto-
kines) following extended buprenorphine treatment, while 
Carvallo et al.'s work appears to suggest a dampening effect 
in CD14+ monocyte function following buprenorphine treat-
ment in vitro. One plausible explanation for this difference is 
in the experimental design (in vivo vs. in vitro), as immuno-
logic response to various stimuli is almost never exclusively 
carried out by one single-cell type as is often observed in an 
in vitro setting. Carvallo et al. [41] reported several additional 
mechanistic findings, including changes in phosphorylation 
patterns of p38 MAPK and JAM-A junctional protein, as well 
as proteomic analysis of buprenorphine-treated and CCL-2–
induced monocytes. One key finding from this proteomic 
analysis is buprenorphine's effect on decreasing CCL-2–in-
duced phosphorylation of leukosialin/CD43. CD43 is ex-
pressed in all leukocytes and has been implicated in T cell 

migration in the periphery [43]. Interestingly, CD43 is also 
expressed in microglia in the CNS [44], and this finding sug-
gests that buprenorphine may directly modulate microglial 
function in the CNS.

In 2018, the same laboratory (Berman laboratory) reported ad-
ditional findings on buprenorphine's effect on human monocyte 
function. Jaureguiberry-Bravo et al. [45] demonstrated that bu-
prenorphine decreased monocyte adhesion to brain microvas-
cular endothelial cells (BMVECs), an in vitro assay that models 
the human blood brain barrier. Interestingly, buprenorphine 
decreased CCL-2–mediated monocyte binding to ICAM-1 but 
not VCAM-1, suggesting a specific buprenorphine-mediated in-
hibition of monocyte–ICAM-1. Similar to their previous work, 
Jaureguiberry-Bravo et  al. utilized monocytes isolated from 
healthy donors to study buprenorphine's effect; therefore, bu-
prenorphine's effect in changing monocyte function in vivo still 
remains to be further elucidated. A notable strength of their 
study is that the authors specifically considered an important 
physiological state of human monocytes in vivo, which is that 
most monocytes exist in an immature CD14+/CD16 state within 
the human body, until subsequently activated by a stimulus. 
Therefore, the authors conducted a series of studies to charac-
terize and differentiate the immature CD14+/CD16 monocytes 
into mature CD14+/CD16+ monocytes prior to conducting any 
buprenorphine experiments—thereby adding clinical relevance 
to their work.

4.3   |   Buprenorphine's Effect on Macrophages

Macrophages are a heterogeneous population of cells that 
share the same hematopoietic lineage as monocytes (myeloid 
lineage), and Sun et al. [36] investigated buprenorphine's ef-
fect on the macrophage phenotype in human umbilical cord 
blood. While newly recruited macrophage populations arise 
from circulating monocytes that infiltrate various tissues, 
some resident tissue-specific macrophages arise during early 
embryonic development [46]. Nevertheless, macrophages 
in the tissue play a key role in potentiating a pro- or anti-
inflammatory process, orchestrated by M1 macrophages that 
secrete pro-inflammatory cytokines (i.e., TNF-α, IL-6) or 
M2 macrophages that secrete anti-inflammatory cytokines 
(i.e., IL-10) [47]. In their work, Sun et  al. showed that bu-
prenorphine decreased the mRNA of inflammatory cytokines 
TNF-α, IL-6, and IL-12 in M1 macrophages, effectively dis-
playing an anti-inflammatory response. Further mechanistic 
work by Sun et al. showed that buprenorphine decreased the 
transcription of IRF5, a key modulator of IL-6. In addition, 
Sun et  al. showed that buprenorphine increased the mRNA 
of Ym1 and Fizz [36], which are previously reported markers 
of anti-inflammatory M2 macrophage activation [48]. Overall, 
studies that examined the effects of buprenorphine in mono-
cytes and macrophages suggest a net anti-inflammatory effect.

4.4   |   Buprenorphine's Effect on General 
Lymphoproliferative Capacity

Sacerdote et  al.'s [30] cross-sectional ex  vivo study in 2008 
examined buprenorphine's ability to modulate the general 
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lymphoproliferative capacity of PBMCs, which includes var-
ious peripheral immune cells such as monocytes, B cells, T 
cells, and NK cells. This study utilized PBMCs isolated from 
active heroin users that were compared to PBMCs isolated 
from patients who were on long-term MOUD treatment with 
either buprenorphine or methadone, as well as sex- and age-
matched healthy controls. In this work, PBMCs from active 
heroin users demonstrated decreased ability to proliferate 
in an ex  vivo culture setting (in response to polyclonal mi-
togen phytohemagglutinin [PHA]), while PBMCs from those 
who were receiving long-term MOUD with buprenorphine 
or methadone showed equivocal response when compared 
to healthy controls. PBMCs from heroin users also displayed 
decreased secretion of TNF-α, IFN-γ, and IL-4 in response 
to PHA-induction, while PBMCs from the buprenorphine or 
methadone group demonstrated equivalent cytokine secre-
tions when compared to sex- and age-matched controls [30]. 
Together, these findings provided insights into buprenor-
phine's potential in restoring the chronically suppressed im-
mune function in OUD. However, PBMCs in this study were 
not further separated into individual cell types; therefore, this 
remains a general finding.

4.5   |   Buprenorphine's Effect on Neutrophil 
Function

Mikawa et  al.'s report in 2006 demonstrated that buprenor-
phine had a dampening effect on neutrophil function—de-
creased chemotaxis and superoxide production by neutrophils 
following in  vitro buprenorphine treatment (Table  1) [49]. 
Specifically, a high dose of buprenorphine (100 ng/mL) in-
hibited neutrophil chemotaxis, while low doses (1 and 10 ng/
mL) impaired superoxide production in neutrophils—to-
gether suggesting that neutrophils are particularly sensi-
tive to buprenorphine. Two other studies (Boland et  al. and 
Mahintamani et al.) reviewed in this work also studied the ef-
fects of buprenorphine on neutrophils with inconclusive find-
ings [32, 50]. In Boland et al.'s work in 2014, in vitro treatment 
of isolated primary human neutrophils with buprenorphine 
did not result in statistically significant changes in phagocyto-
sis or oxidative bursts with the exception of a mild decrease in 
oxidative burst in response to E. coli only with 0.8 and 20 ng/
mL of buprenorphine but not with a 4 ng/mL dose (of note, no 
significant changes in oxidative bursts induced with fMLP or 
PHA) [50]. In Mahintamani et al.'s work in 2023, total neutro-
phil count was analyzed for neutrophil–lymphocyte ratio in 
opioid-dependent patients undergoing sublingual buprenor-
phine–naloxone treatment compared to healthy controls 
in a prospective case–control study [32]. In this work, total 
neutrophil counts decreased with buprenorphine–naloxone 
treatment but no mechanistic findings about buprenorphine's 
effect on neutrophil function were reported.

4.6   |   Buprenorphine's Effect on NK-Cell 
Function

Briefly discussed above, Boland et al.'s 2014 work was an in vitro 
mechanistic study that investigated the effects of eight different 
opioids on the immunologic function and phenotype of several 

immune cells, including neutrophils, monocytes, NK cells, and 
T cells [50]. In this work, NK cell function, measured by cyto-
toxicity against K562 cells, did not show significant changes 
following buprenorphine treatment. Of note, this finding is con-
sistent with a previous preclinical study that showed that bu-
prenorphine does not affect NK cell cytotoxicity in mice [23]. 
Maher et  al. in 2019 also investigated the effects of buprenor-
phine and eight other opioids on isolated human NK cell func-
tions in  vitro [51]. Interestingly, the authors reported a mixed 
response in NK cell function due to buprenorphine in which 
lower dose treatments (1 and 5 ng/mL) resulted in decreased NK 
cell cytotoxic functions, while the higher dose treatment (10 ng/
mL) did not show any significant difference in cytotoxic func-
tions of NK cells.

4.7   |   Buprenorphine's Effect on T Cell Function

Boland et al.'s 2014 work also studied buprenorphine's effect 
on T cell activation, measured by CD69 and IL-6 expressions. 
However, their results did not show significant changes with 
in  vitro buprenorphine treatments [50]. Riss et  al.'s work in 
2012 took a different approach to study the mechanisms that 
drive the chronic immune suppression in OUD by investigat-
ing the role of CD4+/CD25(high) regulatory T cells (T-regs) 
in active heroin users compared to those undergoing long-
term MOUD treatment (multiple agents, including buprenor-
phine and buprenorphine–naloxone, grouped into one) or 
sex-matched healthy controls [31]. CD4+/CD25(high) T-regs 
are thymic-derived cells that maintain immune tolerance 
and are critical in regulating self-reactive T cells and there-
fore preventing autoimmune disease [52]. In Riss et al.'s work, 
PBMCs from active heroin users demonstrated a significant 
increase in the absolute number of CD4+/CD25(high) T-regs, 
compared to PBMCs from those undergoing long-term MOUD 
treatment or sex-matched healthy controls [31]. It is important 
to note that there was no difference in the absolute number 
of PBMCs or CD4+ T cells isolated among all three groups, 
providing in  vivo evidence that the difference in regulatory 
T cells, rather than absolute T cell count (i.e., total CD4+ 
count), may be responsible for chronic immune suppression 
in OUD. Furthermore, the CD4+/CD25(high) T-reg count 
was equal between the MOUD group and healthy controls, 
suggesting that MOUD can restore the T-reg-immunologic 
phenotype of OUD.

The heroin group in Riss et al.'s study also demonstrated an in-
crease in CD4+/CD25(high)/Foxp3+ T cells compared to both 
the control and MOUD groups [31]. This is an interesting find-
ing in the context of the previously identified problem of poor 
vaccine response in OUD [39], because Foxp3+ T-regs have been 
shown to inhibit proper vaccine response, and subsequent deple-
tion of Foxp3+ T-regs resulted in the restoration of the immune 
system's ability to mount a therapeutic immune response to vac-
cines [53]. Similarly, Riss et al. carried out an additional ex vivo 
study in which they depleted the CD4+/CD25(high) T-regs from 
the total CD4+ T cells of each group and studied their ability to 
proliferate in ex vivo cultures [31]. Prior to the depletion of the 
T-regs, CD4+ cells from heroin users demonstrated decreased 
ability to proliferate under anti-CD3/anti-CD28 induction, 
while subsequent depletion of T-regs from CD4+ cells of heroin 



13 of 17

users restored their proliferative capability equivalent to that of 
healthy controls and the MOUD group. Altogether, this is an in-
sightful study that provides a mechanistic understanding of how 
MOUD may restore another aspect of immune suppression of 
OUD. However, it is important to note that this study combined 
those receiving different MOUD (i.e., buprenorphine, metha-
done, etc.) into one single MOUD group as detailed in Table 1. 
Therefore, further work is needed to differentiate the pattern 
of immunologic restoration unique to each MOUD included in 
this study.

4.8   |   Buprenorphine's Effects on Other Markers 
of Inflammation

In contrast to previous work that focused on specific immu-
nologic markers as they related to a specific subset of the 
peripheral immune system, Arezoomandan et  al.'s work in 
2022 investigated general peripheral inflammatory and ox-
idative stress markers in  vivo by analyzing serum levels of 
high-sensitivity C-reactive protein (hsCRP), ferritin, malond-
ialdehyde (MDA), and total antioxidant capacity. HsCRP is a 
nonspecific peripheral marker of chronic inflammation previ-
ously known to be elevated in opium users [54, 55]. In that re-
gard, it is interesting to note that hsCRP expression correlated 
with μ-opioid receptor agonism; hsCRP was highest in the 
methadone treatment group, followed by the buprenorphine-
treated group and healthy controls [33]. However, MDA, a 
marker of lipid peroxidation, was highest in the buprenor-
phine group, followed by the methadone group and healthy 
controls [33]. The mechanistic difference between methadone 
and buprenorphine appears to play a direct role in the differ-
ential expression of hsCRP and MDA, suggesting that full ver-
sus partial agonism of the μ-opioid receptor activates different 
inflammatory mechanisms in OUD.

The latest study included in this review is by Mahintamani 
et  al. in 2023, in which the authors investigated the effects 
of buprenorphine on various immune cells (neutrophils, 
total lymphocytes, CD4+, and CD8+ T cells), with a partic-
ular focus on Toll-like receptor 4 (TLR4) levels [32]. In this 
in vivo prospective case–control study, buprenorphine-naïve 
and opioid-dependent (i.e., morphine) patients were treated 
with 2–6 weeks of sublingual buprenorphine–naloxone, and 
samples from before and after treatments were compared to 
age- and sex-matched healthy controls. In regard to cell pop-
ulations, the neutrophil–lymphocyte ratio was noted to be in-
creased in the opioid-dependent group compared to healthy 
controls in the pretreatment phase. However, this ratio was 
subsequently normalized with buprenorphine treatment, 
which led the authors to make a positive correlation between 
increased pain and increased neutrophil count (pain scales 
were measured in the study). There were no significant dif-
ferences in T cell populations between the two groups (as 
measured by CD3, CD4, CD8, as well as CD4:CD8 ratios). 
Mechanistically, Mahintamani et  al. measured TLR4 in the 
plasma by ELISA as a proxy for brain TLR4. At baseline, 
plasma TLR4 levels in the opioid-dependent group were 
equivalent to those of the healthy controls. However, plasma 
TLR4 increased significantly following 2–6 weeks of sublin-
gual buprenorphine–naloxone treatment, suggesting that 

buprenorphine may exert its effects by activating TLR4 and its 
downstream pathways. The authors also speculated that the 
equivocal TLR4 levels at baseline between opioid-dependent 
(i.e., morphine) and healthy controls may be due to subsequent 
silencing of TLR4 by morphine following chronic exposure, 
and that buprenorphine reactivated TLR4—thereby resulting 
in the phenotype observed following the treatment. No other 
correlations were found between TLR4 and other parameters 
measured by the authors.

Of note, TLR4 is a key immune receptor that belongs to the 
family of pattern recognition receptors, an important aspect of 
innate immunity that recognizes pathogen-associated molec-
ular patterns (PAMPs, i.e., gram-negative lipopolysaccharide) 
and damage-associated molecular patterns (DAMPs) [56, 57]. 
Classically, activation of TLR4 by PAMPs or DAMPs results in 
a downstream pro-inflammatory response, but emerging ev-
idence suggests that aberrant activation of TLR4 or its down-
stream pathways may also be involved in noninfectious sterile 
inflammation and various neuropathological processes as well 
[56–58]. As for opioids as ligands for TLR4, some opioids (such 
as morphine) have been shown to bind TLR4 directly [59, 60]. 
However, how various opioids affect the TLR system remains 
poorly characterized [61] and a recent in  vivo animal study 
demonstrated that various opioids failed to bind or illicit TLR4 
response at physiologic concentrations [62]. In regard to bu-
prenorphine, there is currently limited information about 
buprenorphine's binding and modulation of TLR4—one preclin-
ical study has shown that the buprenorphine treatment can ac-
tivate TLR4 signaling in vitro [59], while another animal study 
reported improved pain relief by buprenorphine with TLR4 
blockade in rats [63]. Additional work is needed to further char-
acterize the role of direct TLR4 modulation by buprenorphine 
in humans.

4.9   |   Challenges and Future Directions

Understanding how opioids and buprenorphine modulate the 
inflammatory mechanisms in the human CNS appears to be 
the next frontier in OUD research. A key challenge in study-
ing buprenorphine's effect on human CNS inflammation is 
the invasive nature of CNS studies in humans (i.e., lumbar 
puncture for CSF studies) and logistical, ethical, and safety 
challenges in conducting an invasive study in a vulnerable 
opioid-dependent population. One potential solution to this 
challenge is the utilization of novel imaging techniques in 
OUD research. Advances in novel imaging techniques for 
neuroinflammation have been reviewed by several groups 
[64–66]. Our literature search did not reveal any completed 
neuroimaging study related to buprenorphine and neuroin-
flammation but revealed two meeting abstracts with incom-
plete study updates from Woodcock et al. in which the authors 
are currently investigating the effect of buprenorphine on 
neuroinflammation, utilizing positron emission tomography 
(PET) with 18 kDa translocator protein (TSPO) as a marker of 
neuroinflammation [67, 68]. To date, TSPO is a widely used in 
in vivo imaging marker of neuroinflammation in many neu-
rological, neurodegenerative, and psychiatric disease research 
studies [69]. Preliminary work from Woodcock et  al. shows 
that the induction of OUD treatment with buprenorphine 
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may initially result in increased neuroinflammatory sig-
naling (increased TSPO levels), followed by time-dependent 
neuroimmune recovery with continued buprenorphine 
treatment [67, 68].

Another potential solution to the challenges of clinical neu-
roinflammation research in OUD is the utilization of induced 
pluripotent stem cells (iPSCs) and iPSC-derived organoids 
in OUD research. Unlike animal models or immortalized 
human cell lines, iPSCs are derived from primary human 
cells and lack immortalizing genetic alterations, thus result-
ing in greater potential for direct translation. In this context, 
our group has previously studied the effects of oxycodone and 
buprenorphine on iPSC-derived brain organoids from patients 
with OUD [70]. In that work, oxycodone and buprenorphine 
treatments resulted in distinct differential transcriptional re-
sponses in both neural and glial cell populations, highlighted 
by the induction of Type I interferon signaling and activation 
of STAT1 by oxycodone but not by buprenorphine [70]. Type 
I interferon signaling is a key inflammatory signaling path-
way that activates Janus kinase (JAK)–signal transducer and 
activator of transcription (STAT) pathway, including STAT1, 
and subsequently regulates the transcription of interferon-
stimulated genes, including several key cytokines and chemo-
kines [71, 72]. As STAT1 is closely related to the regulation 
of CCL-2 and CCL-2–mediated immune response [72–74], bu-
prenorphine may exert its mechanistic effect on the immune 
system via modulation of STAT1. Therefore, our work with 
iPSC-derived brain organoids provides a novel mechanistic 
insight into the molecular mechanism of buprenorphine at 
single-cell resolution.

Emerging evidence from past decades has characterized neu-
roinflammation as not only a result of a peripheral disease 
process (i.e., by invasion of peripheral inflammatory cells into 
the CNS) [75] but also a potential initial inciting event in the 
CNS that drives early pathogenesis of several neurological 
and psychiatric conditions [76–79]. Consistent with the au-
thors' understanding of the current literature, all 14 clinical 
studies included in this review focused on buprenorphine's 
effect on the peripheral immune system, and the majority of 
the studies seem to support the notion that the initiation and 
maintenance of buprenorphine restore immunosuppression 
caused by OUD, as summarized in Table 2. However, OUD is 
a brain disease and has been described as pro-inflammatory 
in the CNS. No current human studies describe the direct ef-
fects of buprenorphine on the human immune system within 
the CNS, which should be the next important direction in this 
research. Despite challenges, future work utilizing advanced 
imaging and cellular technologies will continue to uncover 
how buprenorphine affects the human immune system and 
inflammation, particularly in the CNS. These collective ad-
vances in the field may result in the development of novel ther-
apies that work synergistically with or independently from 
currently available therapies.

Author Contributions

S.D.S., R.B., A.S., M.M., M.-F.H., V.M.K., and T.O. wrote the manu-
script; S.D.S., R.B., M.M., and T.O. designed the research; S.D.S., R.B., 

A.S., and M.M. performed the research; and S.D.S., R.B., A.S., M.-F.H., 
and T.O. analyzed the data.

Acknowledgments

The authors would like to thank Dana Gerberi, MLIS, AHIP, from 
the Mayo Clinic Libraries in Rochester, MN, for the peer review of the 
EMBASE database search strategy.

Conflicts of Interest

The authors declare no conflicts of interest.

References

1. H. Hedegaard, A. Miniño, M. R. Spencer, and M. Warner, “Drug 
Overdose Deaths in the United States, 1999–2020,” 2021, National Cen-
ter for Health Statistics (U.S.), https://​doi.​org/​10.​15620/​​cdc:​112340.

2. T. S. Oesterle, N. J. Thusius, T. A. Rummans, and M. S. Gold, 
“Medication-Assisted Treatment for Opioid-Use Disorder,” Mayo Clinic 
Proceedings 94, no. 10 (2019): 2072–2086, https://​doi.​org/​10.​1016/j.​
mayocp.​2019.​03.​029.

3. CDC, “Buprenorphine Dispensing Rate Maps. Overdose Prevention,” 
2024, https://​www.​cdc.​gov/​overd​ose-​preve​ntion/​​data-​resea​rch/​facts​-​
stats/​​bupre​norph​ine-​dispe​nsing​-​maps.​html.

4. M. Spencer, A. Miniño, and M. Warner, “Drug Overdose Deaths in 
the United States, 2001–2021,” 2022, National Center for Health Statis-
tics (U.S.), https://​doi.​org/​10.​15620/​​cdc:​122556.

5. C. S. Florence, C. Zhou, F. Luo, and L. Xu, “The Economic Burden of 
Prescription Opioid Overdose, Abuse, and Dependence in the United 
States, 2013,” Medical Care 54, no. 10 (2016): 901–906, https://​doi.​org/​
10.​1097/​MLR.​00000​00000​000625.

6. F. Luo, “State-Level Economic Costs of Opioid Use Disorder and Fatal 
Opioid Overdose—United States, 2017,” MMWR. Morbidity and Mortal-
ity Weekly Report 70, no. 15 (2021): 541–546, https://​doi.​org/​10.​15585/​​
mmwr.​mm7015a1.

7. K. Gysling and R. Y. Wang, “Morphine-Induced Activation of A10 Do-
pamine Neurons in the Rat,” Brain Research 277, no. 1 (1983): 119–127, 
https://​doi.​org/​10.​1016/​0006-​8993(83)​90913​-​7.

8. E. Galaj, A. H. Newman, and Z. X. Xi, “Dopamine D3 Receptor-Based 
Medication Development for the Treatment of Opioid Use Disorder: 
Rationale, Progress, and Challenges,” Neuroscience and Biobehavioral 
Reviews 114 (2020): 38–52, https://​doi.​org/​10.​1016/j.​neubi​orev.​2020.​
04.​024.

9. H. L. Fields and E. B. Margolis, “Understanding Opioid Reward,” 
Trends in Neurosciences 38, no. 4 (2015): 217–225, https://​doi.​org/​10.​
1016/j.​tins.​2015.​01.​002.

10. S. Steidl, D. I. Wasserman, C. D. Blaha, and J. S. Yeomans, “Opioid-
Induced Rewards, Locomotion, and Dopamine Activation: A Proposed 
Model for Control by Mesopontine and Rostromedial Tegmental Neu-
rons,” Neuroscience and Biobehavioral Reviews 83 (2017): 72–82, https://​
doi.​org/​10.​1016/j.​neubi​orev.​2017.​09.​022.

11. I. Dyuizen and N. E. Lamash, “Histo—and Immunocytochemical 
Detection of Inducible NOS and TNF-Alpha in the Locus Coeruleus of 
Human Opiate Addicts,” Journal of Chemical Neuroanatomy 37, no. 2 
(2009): 65–70, https://​doi.​org/​10.​1016/j.​jchem​neu.​2008.​10.​005.

12. M. S. Piepenbrink, M. Samuel, B. Zheng, et al., “Humoral Dysregu-
lation Associated With Increased Systemic Inflammation Among Injec-
tion Heroin Users,” PLoS One 11, no. 7 (2016): e0158641, https://​doi.​org/​
10.​1371/​journ​al.​pone.​0158641.

13. C. Happel, A. D. Steele, M. J. Finley, M. A. Kutzler, and T. J. Rog-
ers, “DAMGO-Induced Expression of Chemokines and Chemokine 

https://doi.org/10.15620/cdc:112340
https://doi.org/10.1016/j.mayocp.2019.03.029
https://doi.org/10.1016/j.mayocp.2019.03.029
https://www.cdc.gov/overdose-prevention/data-research/facts-stats/buprenorphine-dispensing-maps.html
https://www.cdc.gov/overdose-prevention/data-research/facts-stats/buprenorphine-dispensing-maps.html
https://doi.org/10.15620/cdc:122556
https://doi.org/10.1097/MLR.0000000000000625
https://doi.org/10.1097/MLR.0000000000000625
https://doi.org/10.15585/mmwr.mm7015a1
https://doi.org/10.15585/mmwr.mm7015a1
https://doi.org/10.1016/0006-8993(83)90913-7
https://doi.org/10.1016/j.neubiorev.2020.04.024
https://doi.org/10.1016/j.neubiorev.2020.04.024
https://doi.org/10.1016/j.tins.2015.01.002
https://doi.org/10.1016/j.tins.2015.01.002
https://doi.org/10.1016/j.neubiorev.2017.09.022
https://doi.org/10.1016/j.neubiorev.2017.09.022
https://doi.org/10.1016/j.jchemneu.2008.10.005
https://doi.org/10.1371/journal.pone.0158641
https://doi.org/10.1371/journal.pone.0158641


15 of 17

Receptors: The Role of TGF-Beta1,” Journal of Leukocyte Biology 83, no. 
4 (2008): 956–963, https://​doi.​org/​10.​1189/​jlb.​1007685.

14. R. B. Rock, S. Hu, W. S. Sheng, and P. K. Peterson, “Morphine Stim-
ulates CCL2 Production by Human Neurons,” Journal of Neuroinflam-
mation 3 (2006): 32, https://​doi.​org/​10.​1186/​1742-​2094-​3-​32.

15. R. S. Hofford, S. J. Russo, and D. D. Kiraly, “Neuroimmune Mecha-
nisms of Psychostimulant and Opioid Use Disorders,” European Journal 
of Neuroscience 50, no. 3 (2019): 2562–2573, https://​doi.​org/​10.​1111/​ejn.​
14143​.

16. R. K. Bachtell, J. D. Jones, K. G. Heinzerling, P. M. Beardsley, and 
S. D. Comer, “Glial and Neuroinflammatory Targets for Treating Sub-
stance Use Disorders,” Drug and Alcohol Dependence 180 (2017): 156–
170, https://​doi.​org/​10.​1016/j.​druga​lcdep.​2017.​08.​003.

17. S. Franchi, G. Moschetti, G. Amodeo, and P. Sacerdote, “Do All Opi-
oid Drugs Share the Same Immunomodulatory Properties? A Review 
From Animal and Human Studies,” Frontiers in Immunology 10 (2019): 
2914, https://​doi.​org/​10.​3389/​fimmu.​2019.​02914​.

18. K. Khalid, A. Anuar, W. C. Ang, and R. Jamaluddin, “Side Effects 
of Chronic Methadone Use in Opioid Addiction: A Scoping Review on 
Hematological Derangements,” Current Drug Safety 18, no. 2 (2023): 
167–174, https://​doi.​org/​10.​2174/​15748​86317​66622​05141​54931​.

19. N. K. Madurai, Y. Kitase, S. Hamimi, et al., “Methadone Alters the 
Peripheral Inflammatory and Central Immune Landscape Following 
Prenatal Exposure in Rats,” Advances in Drug and Alcohol Research 2 
(2022): 10792, https://​doi.​org/​10.​3389/​adar.​2022.​10792​.

20. Z. Li, Y. You, N. Griffin, J. Feng, and F. Shan, “Low-Dose Naltrexone 
(LDN): A Promising Treatment in Immune-Related Diseases and Can-
cer Therapy,” International Immunopharmacology 61 (2018): 178–184, 
https://​doi.​org/​10.​1016/j.​intimp.​2018.​05.​020.

21. R. Gomez-Flores and R. J. Weber, “Differential Effects of Buprenor-
phine and Morphine on Immune and Neuroendocrine Functions Fol-
lowing Acute Administration in the Rat Mesencephalon Periaqueductal 
Gray,” Immunopharmacology 48, no. 2 (2000): 145–156, https://​doi.​org/​
10.​1016/​s0162​-​3109(00)​00198​-​3.

22. M. D'Elia, J. Patenaude, C. Hamelin, D. R. Garrel, and J. Bernier, 
“No Detrimental Effect From Chronic Exposure to Buprenorphine on 
Corticosteroid-Binding Globulin and Corticosensitive Immune Param-
eters,” Clinical Immunology 109, no. 2 (2003): 179–187, https://​doi.​org/​
10.​1016/​s1521​-​6616(03)​00177​-​3.

23. C. Martucci, A. E. Panerai, and P. Sacerdote, “Chronic Fentanyl or 
Buprenorphine Infusion in the Mouse: Similar Analgesic Profile but 
Different Effects on Immune Responses,” Pain 110, no. 1–2 (2004): 385–
392, https://​doi.​org/​10.​1016/j.​pain.​2004.​04.​020.

24. S. Franchi, A. E. Panerai, and P. Sacerdote, “Buprenorphine Ame-
liorates the Effect of Surgery on Hypothalamus-Pituitary-Adrenal Axis, 
Natural Killer Cell Activity and Metastatic Colonization in Rats in 
Comparison With Morphine or Fentanyl Treatment,” Brain, Behavior, 
and Immunity 21, no. 6 (2007): 767–774, https://​doi.​org/​10.​1016/j.​bbi.​
2007.​01.​001.

25. I. Filipczak-Bryniarska, K. Nazimek, B. Nowak, M. Kozlowski, M. 
Wąsik, and K. Bryniarski, “In Contrast to Morphine, Buprenorphine 
Enhances Macrophage-Induced Humoral Immunity and, as Oxyco-
done, Slightly Suppresses the Effector Phase of Cell-Mediated Immune 
Response in Mice,” International Immunopharmacology 54 (2018): 344–
353, https://​doi.​org/​10.​1016/j.​intimp.​2017.​11.​039.

26. J. Ryu, P. Stone, S. Lee, B. Payne, K. Gorse, and A. Lafrenaye, “Bu-
prenorphine Alters Microglia and Astrocytes Acutely Following Dif-
fuse Traumatic Brain Injury,” Scientific Reports 11, no. 1 (2021): 8620, 
https://​doi.​org/​10.​1038/​s4159​8-​021-​88030​-​z.

27. Y. Hamood, M. Abdullah, H. El Ghoul, N. Saad, R. C. Dysko, and Z. 
Zhang, “Sex Specific Effects of Buprenorphine on Behavior, Astrocytic 
Opioid Receptor Expression and Neuroinflammation After Pediatric 

Traumatic Brain Injury in Mice,” Brain, Behavior, and Immunity 22 
(2022): 100469, https://​doi.​org/​10.​1016/j.​bbih.​2022.​100469.

28. W. M. Bramer, D. Giustini, G. B. de Jonge, L. Holland, and T. Bekhuis, 
“De-Duplication of Database Search Results for Systematic Reviews in 
EndNote,” Journal of the Medical Library Association 104, no. 3 (2016): 
240–243, https://​doi.​org/​10.​5195/​jmla.​2016.​24.

29. S. Neri, C. M. Bruno, D. Pulvirenti, et  al., “Randomized Clinical 
Trial to Compare the Effects of Methadone and Buprenorphine on the 
Immune System in Drug Abusers,” Psychopharmacology 179, no. 3 
(2005): 700–704, https://​doi.​org/​10.​1007/​s0021​3-​005-​2239-​x.

30. P. Sacerdote, S. Franchi, G. Gerra, V. Leccese, A. E. Panerai, and L. So-
maini, “Buprenorphine and Methadone Maintenance Treatment of Her-
oin Addicts Preserves Immune Function,” Brain, Behavior, and Immunity 
22, no. 4 (2008): 606–613, https://​doi.​org/​10.​1016/j.​bbi.​2007.​12.​013.

31. G. L. Riss, D. I. Chang, C. Wevers, et al., “Opioid Maintenance Therapy 
Restores CD4+ T Cell Function by Normalizing CD4+CD25High Regu-
latory T Cell Frequencies in Heroin User,” Brain, Behavior, and Immunity 
26, no. 6 (2012): 972–978, https://​doi.​org/​10.​1016/j.​bbi.​2012.​05.​008.

32. T. Mahintamani, D. Basu, A. Ghosh, and M. Luthra-Guptasarma, 
“The Toll of Opioid Dependence: A Research Report on the Possible 
Role of Toll-Like Receptor-4 and Related Immune Markers in Opioid 
Dependence,” Indian Journal of Psychiatry 65, no. 6 (2023): 626–634, 
https://​doi.​org/​10.​4103/​india​njpsy​chiat​ry.​india​njpsy​chiat​ry_​314_​22.

33. M. Arezoomandan, R. Zhiani, J. Mehrzad, A. Motavalizadehka-
khky, S. Eshrati, and R. Arezoomandan, “Inflammatory, Oxidative 
Stress and Cognitive Functions in Patients Under Maintenance Treat-
ment With Methadone or Buprenorphine and Healthy Subjects,” Jour-
nal of Clinical Neuroscience 101 (2022): 57–62, https://​doi.​org/​10.​1016/j.​
jocn.​2022.​04.​018.

34. S. Girotra, R. Atray, and M. Mittal, “No Cutaneous Histamine Re-
lease With Buprenorphine?,” Acta Anaesthesiologica Scandinavica 34, 
no. 4 (1990): 301–303.

35. J. A. Blunk, M. Schmelz, S. Zeck, P. Skov, R. Likar, and W. Kop-
pert, “Opioid-Induced Mast Cell Activation and Vascular Responses Is 
Not Mediated by μ-Opioid Receptors:: An In Vivo Microdialysis Study 
in Human Skin,” Anesthesia and Analgesia 98, no. 2 (2004): 364–370, 
https://​doi.​org/​10.​1213/​01.​Ane.​00000​97168.​32472.​0d.

36. J. Sun, W. Guo, and X. Du, “Buprenorphine Differentially Affects 
M1—and M2-Polarized Macrophages From Human Umbilical Cord 
Blood,” European Cytokine Network 28, no. 2 (2017): 85–92, https://​doi.​
org/​10.​1684/​ecn.​2017.​0392.

37. C. Stellato, R. Cirillo, A. de Paulis, et  al., “Human Basophil/Mast 
Cell Releasability. IX. Heterogeneity of the Effects of Opioids on Media-
tor Release,” Anesthesiology 77, no. 5 (1992): 932–940.

38. P. Govitrapong, T. Suttitum, N. Kotchabhakdi, and T. Uneklabh, 
“Alterations of Immune Functions in Heroin Addicts and Heroin With-
drawal Subjects,” Journal of Pharmacology and Experimental Therapeu-
tics 286, no. 2 (1998): 883–889.

39. J. M. Rodrigo, M. A. Serra, L. Aparisi, et  al., “Immune Response 
to Hepatitis B Vaccine in Parenteral Drug Abusers,” Vaccine 10, no. 11 
(1992): 798–801, https://​doi.​org/​10.​1016/​0264-​410x(92)​90516​-​m.

40. C. Desel, P. J. Murray, C. H. K. Lehmann, et al., “Monocytes Elicit 
a Neutrophil-Independent Th1/Th17 Response Upon Immunization 
With a Mincle-Dependent Glycolipid Adjuvant,” Frontiers in Immunol-
ogy 13 (2022): 880474, https://​doi.​org/​10.​3389/​fimmu.​2022.​880474.

41. L. Carvallo, L. Lopez, F. Y. Che, et al., “Buprenorphine Decreases 
the CCL2-Mediated Chemotactic Response of Monocytes,” Journal 
of Immunology 194, no. 7 (2015): 3246–3258, https://​doi.​org/​10.​4049/​
jimmu​nol.​1302647.

42. M. Gschwandtner, R. Derler, and K. S. Midwood, “More Than 
Just Attractive: How CCL2 Influences Myeloid Cell Behavior Beyond 

https://doi.org/10.1189/jlb.1007685
https://doi.org/10.1186/1742-2094-3-32
https://doi.org/10.1111/ejn.14143
https://doi.org/10.1111/ejn.14143
https://doi.org/10.1016/j.drugalcdep.2017.08.003
https://doi.org/10.3389/fimmu.2019.02914
https://doi.org/10.2174/1574886317666220514154931
https://doi.org/10.3389/adar.2022.10792
https://doi.org/10.1016/j.intimp.2018.05.020
https://doi.org/10.1016/s0162-3109(00)00198-3
https://doi.org/10.1016/s0162-3109(00)00198-3
https://doi.org/10.1016/s1521-6616(03)00177-3
https://doi.org/10.1016/s1521-6616(03)00177-3
https://doi.org/10.1016/j.pain.2004.04.020
https://doi.org/10.1016/j.bbi.2007.01.001
https://doi.org/10.1016/j.bbi.2007.01.001
https://doi.org/10.1016/j.intimp.2017.11.039
https://doi.org/10.1038/s41598-021-88030-z
https://doi.org/10.1016/j.bbih.2022.100469
https://doi.org/10.5195/jmla.2016.24
https://doi.org/10.1007/s00213-005-2239-x
https://doi.org/10.1016/j.bbi.2007.12.013
https://doi.org/10.1016/j.bbi.2012.05.008
https://doi.org/10.4103/indianjpsychiatry.indianjpsychiatry_314_22
https://doi.org/10.1016/j.jocn.2022.04.018
https://doi.org/10.1016/j.jocn.2022.04.018
https://doi.org/10.1213/01.Ane.0000097168.32472.0d
https://doi.org/10.1684/ecn.2017.0392
https://doi.org/10.1684/ecn.2017.0392
https://doi.org/10.1016/0264-410x(92)90516-m
https://doi.org/10.3389/fimmu.2022.880474
https://doi.org/10.4049/jimmunol.1302647
https://doi.org/10.4049/jimmunol.1302647


16 of 17 Clinical and Translational Science, 2025

Chemotaxis,” Frontiers in Immunology 10 (2019): 2759, https://​doi.​org/​
10.​3389/​fimmu.​2019.​02759​.

43. P. D. Mody, J. L. Cannon, H. S. Bandukwala, et  al., “Signaling 
Through CD43 Regulates CD4 T-Cell Trafficking,” Blood 110, no. 8 
(2007): 2974–2982, https://​doi.​org/​10.​1182/​blood​-​2007-​01-​065276.

44. A. Matsuo, D. G. Walker, K. Terai, and P. L. McGeer, “Expression 
of CD43 in Human Microglia and Its Downregulation in Alzheimer's 
Disease,” Journal of Neuroimmunology 71, no. 1–2 (1996): 81–86, https://​
doi.​org/​10.​1016/​s0165​-​5728(96)​00134​-​8.

45. M. Jaureguiberry-Bravo, L. Lopez, and J. W. Berman, “Front-
line Science: Buprenorphine Decreases CCL2-Mediated Migration 
of CD14+CD16+ Monocytes,” Journal of Leukocyte Biology 104, no. 6 
(2018): 1049–1059, https://​doi.​org/​10.​1002/​JLB.​3HI01​18-​015R.

46. S. Epelman, K. J. Lavine, and G. J. Randolph, “Origin and Functions 
of Tissue Macrophages,” Immunity 41, no. 1 (2014): 21–35, https://​doi.​
org/​10.​1016/j.​immuni.​2014.​06.​013.

47. S. Chen, A. F. U. H. Saeed, Q. Liu, et al., “Macrophages in Immuno-
regulation and Therapeutics,” Signal Transduction and Targeted Ther-
apy 8, no. 1 (2023): 207, https://​doi.​org/​10.​1038/​s4139​2-​023-​01452​-​1.

48. J. C. Gensel and B. Zhang, “Macrophage Activation and Its Role in 
Repair and Pathology After Spinal Cord Injury,” Brain Research 1619 
(2015): 1–11, https://​doi.​org/​10.​1016/j.​brain​res.​2014.​12.​045.

49. K. Mikawa, H. Akamatsu, K. Nishina, T. Uesugi, and Y. Niwa, “The 
Effects of Pentazocine, Buprenorphine and Butorphanol on Human 
Neutrophil Functions,” Acta Anaesthesiologica Scandinavica 50, no. 5 
(2006): 643–644, https://​doi.​org/​10.​1111/j.​1399-​6576.​2006.​00952.​x.

50. J. W. Boland, G. A. Foulds, S. H. Ahmedzai, and A. G. Pockley, 
“A Preliminary Evaluation of the Effects of Opioids on Innate and 
Adaptive Human In Vitro Immune Function,” BMJ Supportive & Pal-
liative Care 4, no. 4 (2014): 357–367, https://​doi.​org/​10.​1136/​bmjsp​
care-​2013-​000573.

51. D. P. Maher, D. Walia, and N. M. Heller, “Suppression of Human 
Natural Killer Cells by Different Classes of Opioids,” Anesthesia and 
Analgesia 128, no. 5 (2019): 1013–1021, https://​doi.​org/​10.​1213/​ANE.​
00000​00000​004058.

52. R. S. McHugh, M. J. Whitters, C. A. Piccirillo, et al., “CD4+CD25+ 
Immunoregulatory T Cells,” Immunity 16, no. 2 (2002): 311–323, https://​
doi.​org/​10.​1016/​s1074​-​7613(02)​00280​-​7.

53. K. Klages, C. T. Mayer, K. Lahl, et al., “Selective Depletion of Foxp3+ 
Regulatory T Cells Improves Effective Therapeutic Vaccination Against 
Established Melanoma,” Cancer Research 70, no. 20 (2010): 7788–7799, 
https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​10-​1736.

54. A. S. Reece, “High-Sensitivity CRP in Opiate Addiction: Relative 
and Age-Dependent Elevations,” Cardiovascular Toxicology 12, no. 2 
(2012): 149–157, https://​doi.​org/​10.​1007/​s1201​2-​012-​9154-​2.

55. A. Ghazavi, G. Mosayebi, H. Solhi, M. Rafiei, and S. M. Moazzeni, 
“Serum Markers of Inflammation and Oxidative Stress in Chronic 
Opium (Taryak) Smokers,” Immunology Letters 153, no. 1–2 (2013): 22–
26, https://​doi.​org/​10.​1016/j.​imlet.​2013.​07.​001.

56. M. Molteni, S. Gemma, and C. Rossetti, “The Role of Toll-Like Re-
ceptor 4 in Infectious and Noninfectious Inflammation,” Mediators of In-
flammation 2016 (2016): 6978936, https://​doi.​org/​10.​1155/​2016/​6978936.

57. J. Wei, Y. Zhang, H. Li, F. Wang, and S. Yao, “Toll-Like Receptor 4: 
A Potential Therapeutic Target for Multiple Human Diseases,” Biomed-
icine & Pharmacotherapy 166 (2023): 115338, https://​doi.​org/​10.​1016/j.​
biopha.​2023.​115338.

58. A. J. Tolan, K. L. Sanchez, S. D. Shin, et al., “Differential Interferon 
Signaling Regulation and Oxidative Stress Responses in the Cerebral 
Cortex and Cerebellum Could Account for the Spatiotemporal Pattern 
of Neurodegeneration in Niemann-Pick Disease Type C,” Genes 15, no. 
1 (2024): 101, https://​doi.​org/​10.​3390/​genes​15010101.

59. M. R. Hutchinson, Y. Zhang, M. Shridhar, et al., “Evidence That Opi-
oids May Have Toll-Like Receptor 4 and MD-2 Effects,” Brain, Behavior, 
and Immunity 24, no. 1 (2010): 83–95, https://​doi.​org/​10.​1016/j.​bbi.​2009.​
08.​004.

60. N. Xie, F. P. Gomes, V. Deora, et al., “Activation of μ-Opioid Recep-
tor and Toll-Like Receptor 4 by Plasma From Morphine-Treated Mice,” 
Brain, Behavior, and Immunity 61 (2017): 244–258, https://​doi.​org/​10.​
1016/j.​bbi.​2016.​12.​002.

61. P. Zhang, M. Yang, C. Chen, L. Liu, X. Wei, and S. Zeng, “Toll-Like 
Receptor 4 (TLR4)/Opioid Receptor Pathway Crosstalk and Impact 
on Opioid Analgesia, Immune Function, and Gastrointestinal Motil-
ity,” Frontiers in Immunology 11 (2020): 1455, https://​doi.​org/​10.​3389/​
fimmu.​2020.​01455​.

62. J. H. L. Thomas, L. Lui, A. Abell, et al., “Toll-Like Receptors Change 
Morphine-Induced Antinociception, Tolerance and Dependence: Stud-
ies Using Male and Female TLR and Signalling Gene KO Mice,” Brain, 
Behavior, and Immunity 102 (2022): 71–85, https://​doi.​org/​10.​1016/j.​bbi.​
2022.​02.​001.

63. A. M. Jurga, E. Rojewska, A. Piotrowska, et al., “Blockade of Toll-
Like Receptors (TLR2, TLR4) Attenuates Pain and Potentiates Bu-
prenorphine Analgesia in a Rat Neuropathic Pain Model,” Neural 
Plasticity 2016 (2016): 5238730, https://​doi.​org/​10.​1155/​2016/​5238730.

64. L. K. L. Oestreich and M. J. O'Sullivan, “Transdiagnostic In Vivo 
Magnetic Resonance Imaging Markers of Neuroinflammation,” Biologi-
cal Psychiatry: Cognitive Neuroscience and Neuroimaging 7, no. 7 (2022): 
638–658, https://​doi.​org/​10.​1016/j.​bpsc.​2022.​01.​003.

65. J. C. Masdeu, B. Pascual, and M. Fujita, “Imaging Neuroinflam-
mation in Neurodegenerative Disorders,” Journal of Nuclear Medicine: 
Official Publication, Society of Nuclear Medicine 63, no. S1 (2022): 45S–
52S, https://​doi.​org/​10.​2967/​jnumed.​121.​263200.

66. Y. Liu and W. Li, “Editorial: Novel Imaging Technologies for Neu-
roinflammation,” Frontiers in Neurology 13 (2023): 1125045, https://​doi.​
org/​10.​3389/​fneur.​2022.​1125045.

67. E. Woodcock, G. Angarita, D. Matuskey, et al., “P696. Preliminary 
Evidence for an Elevated Neuroinflammatory Signal in Opioid Use 
Disorder: Findings From a PET TSPO Imaging Study,” Neuropsycho-
pharmacology 47, no. S1 (2022): 371–520, https://​doi.​org/​10.​1038/​s4138​
6-​022-​01486​-​z.

68. E. Woodcock, G. Angarita, D. Matuskey, et al., “553. Preliminary Evi-
dence for an Elevated Neuroinflammatory Signal in Opioid Use Disorder: 
Findings From a PET TSPO Imaging Study,” Biological Psychiatry 93, no. 
9 (2023): S317–S318, https://​doi.​org/​10.​1016/j.​biops​ych.​2023.​02.​793.

69. T. R. Guilarte, A. N. Rodichkin, J. L. McGlothan, A. M. A. De La 
Rocha, and D. J. Azzam, “Imaging Neuroinflammation With TSPO: A 
New Perspective on the Cellular Sources and Subcellular Localization,” 
Pharmacology & Therapeutics 234 (2022): 108048, https://​doi.​org/​10.​
1016/j.​pharm​thera.​2021.​108048.

70. M. F. Ho, C. Zhang, I. Moon, et al., “Single Cell Transcriptomics Re-
veals Distinct Transcriptional Responses to Oxycodone and Buprenor-
phine by iPSC-Derived Brain Organoids From Patients With Opioid Use 
Disorder,” Molecular Psychiatry 29, no. 6 (2022): 1636–1646, https://​doi.​
org/​10.​1038/​s4138​0-​022-​01837​-​8 2022.

71. L. B. Ivashkiv and L. T. Donlin, “Regulation of Type I Interferon Re-
sponses,” Nature Reviews. Immunology 14, no. 1 (2014): 36–49, https://​
doi.​org/​10.​1038/​nri3581.

72. L. C. Platanias, “Mechanisms of Type-I- and Type-II-Interferon-
Mediated Signalling,” Nature Reviews. Immunology 5, no. 5 (2005): 
375–386, https://​doi.​org/​10.​1038/​nri1604.

73. L. Yang, N. Li, D. Yang, et al., “CCL2 Regulation of MST1-mTOR-
STAT1 Signaling Axis Controls BCR Signaling and B-Cell Differentia-
tion,” Cell Death and Differentiation 28, no. 9 (2021): 2616–2633, https://​
doi.​org/​10.​1038/​s4141​8-​021-​00775​-​2.

https://doi.org/10.3389/fimmu.2019.02759
https://doi.org/10.3389/fimmu.2019.02759
https://doi.org/10.1182/blood-2007-01-065276
https://doi.org/10.1016/s0165-5728(96)00134-8
https://doi.org/10.1016/s0165-5728(96)00134-8
https://doi.org/10.1002/JLB.3HI0118-015R
https://doi.org/10.1016/j.immuni.2014.06.013
https://doi.org/10.1016/j.immuni.2014.06.013
https://doi.org/10.1038/s41392-023-01452-1
https://doi.org/10.1016/j.brainres.2014.12.045
https://doi.org/10.1111/j.1399-6576.2006.00952.x
https://doi.org/10.1136/bmjspcare-2013-000573
https://doi.org/10.1136/bmjspcare-2013-000573
https://doi.org/10.1213/ANE.0000000000004058
https://doi.org/10.1213/ANE.0000000000004058
https://doi.org/10.1016/s1074-7613(02)00280-7
https://doi.org/10.1016/s1074-7613(02)00280-7
https://doi.org/10.1158/0008-5472.CAN-10-1736
https://doi.org/10.1007/s12012-012-9154-2
https://doi.org/10.1016/j.imlet.2013.07.001
https://doi.org/10.1155/2016/6978936
https://doi.org/10.1016/j.biopha.2023.115338
https://doi.org/10.1016/j.biopha.2023.115338
https://doi.org/10.3390/genes15010101
https://doi.org/10.1016/j.bbi.2009.08.004
https://doi.org/10.1016/j.bbi.2009.08.004
https://doi.org/10.1016/j.bbi.2016.12.002
https://doi.org/10.1016/j.bbi.2016.12.002
https://doi.org/10.3389/fimmu.2020.01455
https://doi.org/10.3389/fimmu.2020.01455
https://doi.org/10.1016/j.bbi.2022.02.001
https://doi.org/10.1016/j.bbi.2022.02.001
https://doi.org/10.1155/2016/5238730
https://doi.org/10.1016/j.bpsc.2022.01.003
https://doi.org/10.2967/jnumed.121.263200
https://doi.org/10.3389/fneur.2022.1125045
https://doi.org/10.3389/fneur.2022.1125045
https://doi.org/10.1038/s41386-022-01486-z
https://doi.org/10.1038/s41386-022-01486-z
https://doi.org/10.1016/j.biopsych.2023.02.793
https://doi.org/10.1016/j.pharmthera.2021.108048
https://doi.org/10.1016/j.pharmthera.2021.108048
https://doi.org/10.1038/s41380-022-01837-8
https://doi.org/10.1038/s41380-022-01837-8
https://doi.org/10.1038/nri3581
https://doi.org/10.1038/nri3581
https://doi.org/10.1038/nri1604
https://doi.org/10.1038/s41418-021-00775-2
https://doi.org/10.1038/s41418-021-00775-2


17 of 17

74. P. R. Dominguez- Gutierrez, A. Ceribelli, M. Satoh, E. S. Sobel, W. 
H. Reeves, and E. K. Chan, “Elevated Signal Transducers and Activa-
tors of Transcription 1 Correlates With Increased C-C Motif Chemokine 
Ligand 2 and C-X-C Motif Chemokine 10 Levels in Peripheral Blood of 
Patients With Systemic Lupus Erythematosus,” Arthritis Research & 
Therapy 16, no. 1 (2014): R20, https://​doi.​org/​10.​1186/​ar4448.

75. R. z. Zheng, K. y. Lee, Z. x. Qi, et al., “Neuroinflammation Following 
Traumatic Brain Injury: Take it Seriously or Not,” Frontiers in Immu-
nology 13 (2022): 855701, https://​doi.​org/​10.​3389/​fimmu.​2022.​855701.

76. D. I. Lurie, “An Integrative Approach to Neuroinflammation in 
Psychiatric Disorders and Neuropathic Pain,” Journal of Experimental 
Neuroscience 12 (2018): 639, https://​doi.​org/​10.​1177/​11790​69518​793639.

77. S. D. Shin, A. Shin, K. Mayagoitia, et al., “Loss of Amyloid Precur-
sor Protein Exacerbates Early Inflammation in Niemann-Pick Disease 
Type C,” Journal of Neuroinflammation 16, no. 1 (2019): 269, https://​doi.​
org/​10.​1186/​s1297​4-​019-​1663-​5.

78. F. Leng and P. Edison, “Neuroinflammation and Microglial Activa-
tion in Alzheimer Disease: Where Do We Go From Here?,” Nature Re-
views. Neurology 17, no. 3 (2021): 157–172, https://​doi.​org/​10.​1038/​s4158​
2-​020-​00435​-​y.

79. M. G. Tansey, R. L. Wallings, M. C. Houser, M. K. Herrick, C. E. 
Keating, and V. Joers, “Inflammation and Immune Dysfunction in Par-
kinson Disease,” Nature Reviews. Immunology 22, no. 11 (2022): 657–
673, https://​doi.​org/​10.​1038/​s4157​7-​022-​00684​-​6.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

https://doi.org/10.1186/ar4448
https://doi.org/10.3389/fimmu.2022.855701
https://doi.org/10.1177/1179069518793639
https://doi.org/10.1186/s12974-019-1663-5
https://doi.org/10.1186/s12974-019-1663-5
https://doi.org/10.1038/s41582-020-00435-y
https://doi.org/10.1038/s41582-020-00435-y
https://doi.org/10.1038/s41577-022-00684-6

	Buprenorphine's Effect on the Human Immune System and Inflammation
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Information Sources
	2.2   |   Selection Criteria and Study Categorization

	3   |   Results
	4   |   Discussion
	4.1   |   Early Clinical Safety Studies of Buprenorphine
	4.2   |   Buprenorphine's Effect on Monocytes
	4.3   |   Buprenorphine's Effect on Macrophages
	4.4   |   Buprenorphine's Effect on General Lymphoproliferative Capacity
	4.5   |   Buprenorphine's Effect on Neutrophil Function
	4.6   |   Buprenorphine's Effect on NK-Cell Function
	4.7   |   Buprenorphine's Effect on T Cell Function
	4.8   |   Buprenorphine's Effects on Other Markers of Inflammation
	4.9   |   Challenges and Future Directions

	Author Contributions
	Acknowledgments
	Conflicts of Interest
	References


