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Abstract

Cannabidiol (CBD) is a major non-euphoric cannabis-derived compound that has become popular 

in its over-the-counter utilization. CBD possesses low affinity for cannabinoid receptors, while 

the primary molecular target(s) by which CBD mediates biological activity remain poorly 

defined. Individuals commonly self-medicate using CBD products with little knowledge of its 

specific immunopharmacological effects on the human immune system; however, research has 

established primarily in rodent models that CBD possesses immune modulating properties. The 

objective of this study was to evaluate whether CBD modulates the innate immune response 

by human primary monocytes activated through toll-like receptors (TLR) 1–9. Monocytes were 

activated through each TLR and treated with CBD (0.5–10μM) for 22 hours. Monocyte secretion 

profiles for 13 immune mediators were quantified including: IL-4, IL-2, IP-10, IL-1β, TNFα, 

MCP-1, IL-17a, IL-6, IL-10, IFNγ, IL-12p70, IL-8, and TGF-β1. CBD treatment significantly 

suppressed secretion of proinflammatory cytokine IL-1β by monocytes activated through most 

TLRs, apart from TLRs 3 and 8. Additionally, CBD treatment induced significant modulation of 

IL-6 production by monocytes activated through most TLRs, except for TLRs 1 and 3. Most other 

monocyte-derived factors assayed were refractory to CBD modulation. Overall, CBD selectively 

altered monocyte-derived IL-1β and IL-6 when activated through most TLRs. This study is of 

particular importance as it provides a direct and comprehensive assessment of the effects of CBD 

on TLR-activated primary human monocytes at a time when CBD containing products are being 

widely used by the public.
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1. Introduction

Cannabidiol (CBD) is a cannabis-derived compound that has recently drawn attention in the 

research community and public domain for its potential therapeutic effects. CBD, although 

non-euphoric, shares structural similarity with Δ9-tetrahydrocannabinol (THC), the main 

psychotropic phytocannabinoid (Gaoni and Mechoulam 1964). Medical grade CBD has 

been approved by the FDA in 2018 (Epidiolex®) for the treatment of seizures associated 

with Lennox-Gastaut syndrome, Dravet syndrome, as well as tuberous sclerosis complex 

(Devinsky et al. 2017; Devinsky et al. 2018; Thiele et al. 2021). In states where cannabis 

use has been legalized, or decriminalized for recreational use, CBD has become widely 

available to the public through its commercialization as oil, edible, and tincture products. 

As a result, these products have become widely popular for self-medication purposes as anti-

inflammatory agents, anxiolytics, sleep aids, as well as analgesics (McFadden and Malone 

2021; Piper et al. 2017; Reiman et al. 2017). Consequently, there has been an increase in 

research to determine its efficacy and mechanism of action in mediating these effects, of 

which particular interest is the putative anti-inflammatory activity of CBD. In vivo studies 

provide evidence that CBD treatment decreases inflammation in various murine disease 

models for carrageenan-induced inflammation (Lodzki et al. 2003), rheumatoid arthritis 

(Hammell et al. 2016), and colitis (Borrelli et al. 2009). Furthermore, ex vivo murine studies 

have provided evidence that CBD can suppress splenocyte IFN-γ production in response 

to phorbol 12-myristate 12-acetate/ionomycin (PMA/Io) and CD3/CD28 (Showalter et al. 

1996). However, there is relatively little published research on the immune modulating and 

anti-inflammatory activity of CBD concerning the human immune system.

Research has suggested that CBD may mediate its biological activity via a number of 

molecular targets. Unlike THC, which exerts much of its biological activity through binding 

CB1 and CB2 receptors (Matsuda et al. 1990; Munro et al. 1993), CBD possesses low 

binding affinity to both CB1 and CB2 (Kaplan et al. 2008; Matsuda et al. 1990; Pertwee 

2008). Although some studies have proposed that CBD acts as an antagonist at CB1 and 

CB2 receptors, other studies suggest its actions are through negative allosteric modulation 

(Laprairie et al. 2015; Martínez-Pinilla et al. 2017; Tham et al. 2019). Further research 

has identified additional targets by which CBD mediates its effects, such as its inhibitory 

activity on fatty acid amide hydrolase (Bisogno et al. 2001; Elmes et al. 2015) and GPR55 

(Chiurchiù et al. 2015; Ryberg et al. 2007; Whalley et al. 2018), as well as its simultaneous 

agonistic activity on various members of the transient receptor potential (TRP) family 

(Bisogno et al. 2001; De Petrocellis et al. 2011), adenosine A2 receptors (Carrier et al. 2006; 

Castillo et al. 2010), peroxisome proliferator-activated receptor gamma (PPAR-γ) (Hind 

et al. 2016; Sonego et al. 2018), and 5-HT receptors (Russo et al. 2005). Most of these 

targets are thought to have the potential of contributing to the immune modulating effects 

of CBD at various concentrations from 0.6 to 20 μM, while also providing the rationale for 

investigating its anti-inflammatory properties.
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Inflammation is the body’s natural line of defense against pathogens and injury; however, 

persistent inflammation can be associated with or the direct cause of a plethora of disease 

states (Furman et al. 2019). Inflammation is generally associated as a response of the 

innate immune system, which utilizes various pattern recognition receptors (PRRs) as 

one of the first lines of defense by detecting molecular signatures commonly associated 

with foreign pathogens (Amarante-Mendes et al. 2018). Toll-like receptors (TLRs) are 

a class of PRRs that play a critical role in responding to various bacterial and viral 

pathogen associated molecular patterns (PAMPs), as well as self-derived damage associated 

molecular patterns (DAMPs) (Kawasaki and Kawai 2014). Upon pathogen-receptor binding, 

downstream signaling pathways become activated, resulting in cytokine release, triggering 

host defense responses such as inflammation, innate immune system activation, as well 

as recruitment of the adaptive immune system (Kawasaki and Kawai 2014). There are 

currently 10 members of the TLR family identified in humans, with each member possessing 

a unique binding pocket facilitating specific binding of PAMPs to signal detection of 

invasion (Kawasaki and Kawai 2014). TLRs are categorized by their cellular location 

into two subfamilies: intracellular and extracellular TLRs. Extracellular TLRs (1, 2, 4, 

5, and 6) are expressed on the plasma membrane of cells to interact with microbial 

pathogenic components. Meanwhile, intracellular TLRs (3, 7, 8, and 9) are associated with 

the endosomal and lysosomal compartments and have the ability to recognize internalized 

pathogenic DNA and RNA as well as intracellular pathogens (Chaturvedi and Pierce 2009). 

This family of receptors is widely expressed in innate immune cells, such as dendritic cells, 

macrophages, and monocytes but is also expressed by adaptive immune cells (e.g., T cells 

and non-immune cells (e.g., epithelial cells) (Kawasaki and Kawai 2014). Not surprisingly, 

monocytes, a crucial population of sentinel cells, express all TLRs to some degree (Hornung 

et al. 2002), which have the ability to initiate monocytes to produce cytokines such as IL-1β, 

IL-6, TNF-α, and other interleukins (ILs), making this a therapeutic target for influencing 

innate immunity. A growing body of evidence has demonstrated that cannabinoids have 

the ability to alter monocyte functions through the suppression of TLR 4- and 7-induced 

pro-inflammatory cytokines such as IL-1β, IL-6, MCP-1, TNF-α, and IL-8 (Gu et al. 2019; 

Rizzo et al. 2019). Likewise, CBD can also suppress TLR 4-mediated microglial activation, 

reactive oxygen species production (Sonego et al. 2018), and cytokine secretion (Kozela et 

al. 2010).

Although research supports the premise that CBD has immune modulating activity, 

including altered release of pro and anti-inflammatory cytokines, currently much of this 

evidence stems from experiments conducted in rodent models (Nichols and Kaplan 2020a) 

and are generally centered at determining the effects of CBD on adaptive immunity, rather 

than on the innate immune system. While animal models represent a valuable tool, it 

is presently unclear how much of the information gathered is translatable to humans. 

Specifically, rodents have been shown to experience differential inflammatory responses to 

exogenous agents as compared to humans, and poorly predict human inflammatory disease 

due to the extreme sensitivity of humans to massive inflammation compared to the murine 

counterpart (Seok et al. 2013). Thus, the effects of CBD on primary human innate immune 

cells represents a major data gap. Therefore, the overall objective of this study was to 
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evaluate the direct effects of CBD on TLR-induced pro and anti-inflammatory cytokine and 

chemokine secretion by human primary monocytes.

2. Material and methods

2.1 Chemicals and reagents

Roswell Park Memorial Institute Medium (RPMI) 1640 (Catalog #: 31800-022) was 

purchased from Gibco™ by Life Technologies (Carlsbad, CA). Lyophilized CBD (CAS#: 

13956-29-1) was obtained from the National Institute on Drug Abuse Drug Repository, 

Bethesda, MD. Anti-CD45-Pacific Blue (clone: H130, Cat. #:304029), anti-CD14-

PeCy7 (M5E2, 301,814), anti-CD16 -APC (3G8, 302,012), anti-CD56-PerCP (HCD56, 

318,342), and anti-CD57-PerCP/Cy5.5 (HNK-1, 359,622) antibodies were purchased from 

BioLegend (San Diego, CA). Toll-like receptor (TLR) agonists, with the exception of 

lipopolysaccharides (LPS) were purchased from InvivoGen (San Diego, CA) and included: 

synthetic triacylated lipopeptide (Pam3CysSerLys4) (product ID: tlrl-pms), heat killed 

listeria monocytogenes (HKLM) (product ID: tlrl-hklm), polyinosine-polycytidylic acid 

(poly(I:C) LMW) (product ID: tlrl-picw), flagellin from Bacillus subtilis (product ID: tlrl-

bsfla), synthetic diacylated lipoprotein (FSL-1) (product ID: tlrl-fsl), Imiquimod (R837) 

(product ID: tlrl-imq), HIV-1 LTsR-derived ssRNA (product ID: tlrl-lrna40), and stimulatory 

CpG ODN2395 (class C) (product ID: tlrl-2395). LPS isolated from Salmonella typhosa 
(LPS) was purchased from Sigma-Aldrich (Cat #: L2387).

2.2 Human leukocyte blood packs and monocyte purification

Human enriched leukocyte blood packs, collected from anonymous donors, were obtained 

from Gulf Coast Regional Laboratories (Houston, TX). Leukocyte packs that tested negative 

for HIV, HBV, HCV, HTLV, and SARS-CoV-2 antibodies were shipped at 4°C overnight. 

Peripheral blood mononuclear cells were isolated from each blood pack by density gradient 

centrifugation using Ficoll-Paque PLUS (GE Healthcare Life Sciences, Pittsburgh, PA). 

Briefly, centrifugation was at 1300 × g for 25 min with low acceleration and low brake. 

Buffy coats were isolated, washed and counted, followed by pan monocyte isolation by 

negative selection (Human Pan Monocyte Isolation Kit from Miltenyi Biotec (Bergisch 

Gladbach, Germany) per the manufacturer’s instructions. Immediately after isolation, 

monocyte purity was assessed by flow cytometry using BD FACS Canto II and FACS 

Diva Software (BD Bioscience). Data analysis was performed using FlowJo software 

(Version 10, Treestar Software, Ashland, OR). Only isolations with pan monocyte purity 

≥90% were utilized in the following studies. For purity determination cells were first 

determined by the expression of CD45 (leukocyte common antigen), and lack of CD56 

and CD57 (Natural Killer cell markers). Pan monocytes were identified based on cell 

surface expression of CD14 and CD16. Monocyte subpopulations include classical (CD14+

+, CD16−), intermediate (CD14+CD16+), and non-classical (CD14-CD16++).

2.3 Monocyte culture and treatment

After pan monocyte isolation, as described in section 2.2, cells were seeded in a 96 

well plate at 1 ×105 cells/well. After seeding, monocytes were activated using agonists 

directed at toll-like receptors (TLRs) 1–9. The agonists were optimized for each TLR 
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and are listed as: Pam3CysSerLys4 (TLR1) (100 ng/mL), HKLM (TLR2) (107 cells/mL), 

annealed low molecular weight poly(I:C) (TLR 3) (100 μg/mL), LPS (TLR 4) (10 ng/

mL), flagellin (TLR5) (5μg/mL), FSL-1 (TLR6) (1 ng/mL), R837 (TLR7) (10 μg/mL), 

ssRNA (TLR 8) (0.5 μg/mL), and CpG ODN (TLR9 agonist) (15 μg /mL). Prior to 

evaluation of immune modulating activity of CBD, pilot studies were conducted to identify 

the optimal concentration required for each TLR to robustly activate human primary 

monocytes. Concurrent to TLR agonist addition, monocytes were treated with CBD (0, 

0.5, 1, 5, or 10 μM) and cultured in RPMI 1640 (Gibco™) supplemented with 5% human 

AB serum (Sigma-Aldrich, St. Louis, MO), 100 U/mL Penicillin (Gibco™), and 100 

μg/mL streptomycin (Gibco™) and incubated at 37°C and 5% CO2 for 22 hours. CBD 

concentrations utilized within these studies are relevant to human use according to the 

pharmacokinetic studies conducted in support of Epidiolex® new drug application (Center 

for Drug Evaluation and Research 2018). Lyophilized CBD was dissolved in 100% ethanol 

and diluted in RPMI 1640. The vehicle concentration for each treatment was 0.032% 

ethanol. There is a total of 3 sets of experimental groups within these studies: unstimulated 

(U.S.), TLR activation only, and TLR activated monocytes treated with either vehicle (Vh) 

or CBD.

2.4 Quantifying monocyte cytokine production

After a 22-hour incubation of treated monocytes, supernatants were transferred into a 

new 96 well culture plate and stored at −80°C. Monocyte supernatants were quantified 

for immune specific cytokines using a 13-plex LEGENDplex™ HU Essential Immune 

Response Panel (BioLegend, Cat. #: 740930), per the manufacturer’s instructions using the 

BD FACS Canto II. Cytokine determinations in this LEGENDplex panel include IL-4, IL-2, 

CXCL10 (IP-10), IL-1β, TNF-α, CCL2 (MCP-1), IL-17A, IL-6, IL-10, IFN-γ, IL-12p70, 

CXCL8 (IL-8), and TGF-β1. ELISAmax™ technology was utilized to quantify IL-6 and 

IL-8 levels in supernatants per the manufacturer’s direction when measurements were 

oversaturated through LEGENDplex™.

2.5 Statistical analysis

Statistical analysis was performed using Prism 7 (GraphPad, San Diego, CA). Non-

stimulated naïve, TLR stimulation only, and vehicle groups (Vhwere compared by repeated 

measures one-way ANOVA, followed by a Sidak’s multiple comparisons post hoc test to 

compare the mean of each unstimulated control with TLR stimulation only control, and 

the stimulation only control with the vehicle control. Due to the variation among donors, 

the measurements in the vehicle and CBD treated groups were normalized to the TLR 

stimulation only group of the same donor. For multiple comparisons, a repeated-measures 

one-way ANOVA was performed, followed by a Dunnett’s multiple comparisons post hoc 

test to compare the mean of each CBD-treatment group with the vehicle treated group. 

Significant differences are indicated by * p < 0.05, ** p < 0.01, *** p< 0.001, and **** p< 

0.0001. Error bars represent the standard error of the mean for each group.
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3 Results

3.1 Cell surface TLRs

Extracellular membrane bound TLRs play a critical role in recognizing extracellular 

microbial membrane components such as lipids, proteins, and lipoproteins, in addition to 

cell wall components (Kawasaki and Kawai 2014). TLRs found on the cell surface include 

TLR 1, 2, 4, 5, and 6. Each TLR individually possess unique pathogen recognition patterns 

and PAMP sensitivities that aid in the identification of invading pathogens by innate immune 

cells (Kawasaki and Kawai 2014). Here we investigated the effects of CBD on monocyte 

activation via surface expressed TLRs. Activation of monocytes through these various cell 

surface TLRs resulted in a varied range of responses as demonstrated by the profile of 

cytokine and chemokine release. Table 1 depicts a summarization of how CBD modulates 

monocyte secretion of cytokines/chemokines as a result of activation through each cell 

surface TLR. Table 1 does not depict results involving IFN-γ and IL-17A, which were 

below the level of detection in supernatants. Cytokines that were significantly modulated 

by CBD treatment are presented in the main text as figures for closer inspection of the 

directionality and level of modulation.

TLR 1 engages in the recognition of triacylated lipoproteins from gram-negative 

bacteria and mycoplasma through heterodimerization with TLR 2 (El-Zayat et al. 

2019). In this experiment, monocytes were treated with a synthetically derived TLR 1 

agonist, PAM3CSK4, which mimics the acylated amino terminus of bacterial triacylated 

lipoproteins. After a 22-hour stimulation of monocytes with the TLR 1 agonist, PAM3CSK4, 

significant induction above background levels was observed in a number of cytokines. 

Specifically, TLR 1 ligation upregulated the production of IL-2, IL-4, IP-10, IL-12p70, 

IL-8, and TGF-β1 in a statistically significant manner, that did not exceed 2-fold above 

background (Table 1, Fig. 1A and L, Supplemental fig. 1A, C, G, and I). By contrast, 

PAM3CSK4 treatment induced monocyte secretion of IL-1β, TNF-α, IL-6, and IL-10 

ranging 7 – 13-fold above background (Fig. 1C, E, and I, Supplemental fig. 1E). The 

chemokine MCP-1 was the only regulatory factor in our panel that was not induced 

above background levels by TLR 1 ligation (Fig. 1G). It is noteworthy that a statistically 

significant vehicle effect was detected regarding IL-12p70 secretion by PAM3CSK4 

activated monocytes (Fig. 1L). Of the TLR 1-induced cytokines that were measured, 

significant CBD modulation was observed in IL-2, IL-1β, TNF-α, MCP-1, and IL-12p70 

(Fig. 1B, D, F, H, and M). CBD treatment significantly suppressed TLR 1-induced monocyte 

IL-1β production in a concentration-dependent manner, interestingly even at our lowest 

CBD concentration (0.5 μM), where cytokine production was suppressed by 20%, compared 

to the vehicle control (Fig. 1D). Furthermore, the 10 μM treatment of CBD suppressed IL-1β 
production as much as 37%. In contrast, TNF-α production was enhanced by CBD treatment 

from vehicle in a concentration-dependent manner; however, statistical significance was only 

observed at the 10 μM concentration, which induced a 27% increase in TNF-α release (Fig. 

1F). Monocyte IL-2 production was very modestly increased compared to the vehicle with 5 

μM CBD treatment (Fig. 1B). CBD treatment at 10 μM very modestly increased IL-12p70 

production in TLR1 activated monocytes compared to vehicle (Fig. 1M). Although the TLR 

1 agonist did not significantly alter monocyte MCP-1 production, CBD treatment was able 
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to modulate basal levels of this chemokine (Fig. 1H). CBD modestly upregulated TLR 

1 treated monocyte production of MCP-1 compared to the vehicle control with statistical 

significance only observed at the 10 μM CBD treatment, where the level of chemokine 

production was induced by 32%. Interestingly, CBD treatment did not influence monocyte 

IL-6 production (Fig. 1J).

TLR 2 has the ability to distinguish between 2 forms of lipopeptides, diacylated and 

triacylated, depending on the heterodimeric complex that it forms with either TLRs 1 

or 6 (Monie 2017). While the TLR2/TLR1 heterodimer is able to recognize triacylated 

lipoproteins, the TLR2/TLR6 heterodimer forms a unique binding pocket that enhances 

recognition of diacylated lipoproteins (Schenk et al. 2009). In this set of experiments, 

monocyte TLR 2 was activated using a heat-killed preparation of Listeria monocytogenes 
(HKLM), a gram-positive bacterium known to synthesize diacylated lipoproteins through 

post-translational modifications. After a 22-hour culture period with HKLM, a significant 

increase in monocyte produced IL-4, IL-2, IP-10, IL-1β, TNF-α, IL-6, IL-10, IL-12p70, and 

TGF-β1 from basal production was observed (Table 1, Fig. 2A, C, E, and G, Supplementary 

fig. 2A, E, I, and K). Although the TLR 2 agonist induced monocyte secretion of IL-4 and 

IL-2 in a statistically significant manner, induction was less than 2-fold when compared to 

background (i.e., no TLR stimulation) production (Table 1, Supplementary fig 2A and C). 

In contrast, monocyte activation by HKLM induced IP-10, IL-1β, TNF-α, IL-6, IL-10, 

IL-12p70, and TGF-β1 that was greater than 2-fold (Table 1, Fig. 2A, C, E, and G, 

Supplementary fig. 2E, I, and K). Specifically, the upregulation of IL-1β, TNF-α, and IL-10 

were induced at a range between 90 – 113-fold above background. Likewise, IP-10, IL-6, 

IL-12p70, and TGF-β1 were upregulated between 2.7 – 7-fold above background. Monocyte 

secretion of chemokine IL-8 and MCL-1 were not affected by HKLM treatment (Table 1, 

Supplementary fig. 2G and M). Of the 13 secretory factors measured, modest modulation 

by CBD was observed in 4 cytokines or chemokines. Monocyte secretion of IL-1β was 

suppressed modestly in a concentration-dependent manner, at 5 and 10 μM CBD treatment 

(Fig. 2D). The 10 μM CBD treatment suppressed monocyte IL-1β by 25% compared to 

the vehicle control. IP-10 production by TLR 2-activated monocytes was also modestly 

suppressed in a concentration-dependent manner. Significant differences compared to the 

vehicle control were observed at 1, 5, and 10 μM CBD treatment, with the greatest level of 

suppression observed at the 10 μM treatment, where IP-10 production was inhibited by 23% 

(Fig. 2B). Furthermore, IL-6 and TGF-β1 production were also modestly inhibited at only 5 

and 10 μM CBD treatments, respectively (Fig. 2F and H).

TLR 4 is the most extensively studied of the TLRs and is known to recognize bacterial 

lipopolysaccharide (LPS), in addition to endogenous ligands associated with tissue damage 

(i.e. DAMPs), albeit to a lesser degree (Molteni et al. 2016). After a 22-hour culture period 

of monocytes with LPS, a significant upregulation of IP-10, IL-1β, TNF-α, IL-6, IL-10, 

IL-12p70, IL-8, and TGF-β1 was observed compared to background levels (Table 1, Fig. 

3A, C, E, G, and I, Supplementary fig. 3C, G, and I). Although LPS induced monocyte 

secretion of IP-10 in a statistically significant manner, induction was less than 2-fold 

when compared to basal production (Fig. 3A). In contrast, LPS activation of monocytes 

resulted in an induction of IL-1β, TNF-α, IL-6, IL-10, IL-12p70, IL-8, and TGF-β1 that 

was greater than 2-fold (Table 1, Fig. 3C, E, G, and I, Supplementary fig. 3 C, G, and I). 
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The upregulation of IL-1β, TNF-α, and IL-10 were induced between 12 – 13-fold above 

background, while IL-6, IL-12p70, IL-8, and TGF-β1 were upregulated by 3.4 – 5.8-fold 

above background. Secretion of cytokines/chemokines IL-2 and MCP-1 was not affected 

by LPS treatment (Table 1, Supplementary fig. 3A and E). Of the 13 factors measured, 

modulation of cytokine/chemokine production by CBD was observed with IP-10, IL-1β, 

IL-6, IL-10, and TGF-β1 (Table 1). TLR 4-activated monocyte secretion of IL-1β was 

significantly suppressed in a concentration-dependent manner by CBD even at the lowest 

CBD concentration (Fig. 3D). Moreover, monocyte treatment with 10 μM CBD suppressed 

IL-1β secretion by 47%. TGF-β1 production by monocytes activated via TLR 4 was also 

suppressed by CBD (Table 1, Fig. 3J), with the greatest suppression observed at the 10 μM 

treatment, where TGF-β1 production was decreased by 30%. CBD treatment at 10 μM also 

suppressed the secretion of IP-10 by 16% compared to vehicle (Fig. 3B). Interestingly, CBD 

treatment significantly suppressed IL-6 production compared to vehicle at all concentrations; 

however, the level of suppression was not altered with increasing concentrations of CBD 

(Fig. 3F). Lastly, monocyte-derived IL-10 production was suppressed by 0.5, 1, and 10 μM 

CBD (Fig. 3H).

The TLR 5 complex is able to engage in the recognition of flagellin, a key component 

of flagella, which is expressed on many gram-negative and gram-positive bacteria (Takeda 

et al. 2003). Monocytes were activated through TLR 5 by flagellin isolated from the gram-

positive bacteria Bacillus subtilis. After a 22-hour culture period with flagellin, monocyte 

production of IL-4, IL-2, IP-10, IL-1β, TNF-α, MCP-1, IL-6, IL-12p70, IL-8, and TGF-β1 

were significantly modulated compared to background levels (Table 1, Fig. 4 A, C, E, and 

G, Supplementary fig. 4A, C, E, I, K, and M). Although flagellin treatment resulted in 

a statistically significant increase in IL-4, IL-2, IP-10, IL-12p70, IL-8, and TGF-β1, the 

cytokine induction from the unstimulated group was below 2-fold (Table 1, Supplementary 

fig. 4 A, C, E, I, K, and M). Additionally, flagellin induced MCP-1 production slightly 

below 2-fold (Fig. 4E). Furthermore, activation of monocytes via TLR 5 resulted in a 4.4 

and 3.3-fold induction of IL-1β and TNF-α from background levels, respectively (Fig. 

4 A and C). Interestingly, flagellin treatment resulted in a 2.4-fold suppression of IL-6 

production by monocytes (Fig. 4G). No statistically significant change was observed in 

monocyte IL-10 production in response to flagellin (Supplementary fig. 4G). Of the 13 

factors measured, monocyte IL-1β, TNF-α, MCP-1, and IL-6 production were significantly 

modulated by CBD treatment, compared to the vehicle control (Table 1, Fig. 4B, D, F, and 

H). Monocyte IL-1β production was suppressed in a concentration-dependent manner by 

CBD at 1, 5, and 10 μM. CBD was able to suppress IL-1β production up to 33% compared 

to the vehicle control (Fig. 4B). IL-6 production was also modestly suppressed by CBD 

treatment (Fig. 4H). In contrast, both TNF-α and MCP-1 production was enhanced by 

CBD treatment (Fig. 4D and F). A significant difference was observed at the 10 μM CBD 

treatment group for both cytokines; TNF-α production was induced by 40% compared to the 

vehicle, while MCP-1 modulation was increased by 43%.

TLR6 engages in the recognition of diacylated lipoproteins from gram-positive bacteria 

and mycoplasma through heterodimerization with TLR 2 (Takeda et al. 2003). In this 

experiment, monocytes were treated with FSL-1, a synthetic lipopeptide derived from 

Mycoplasma salivarium, which mimics the acylated amino terminus of bacterial diacylated 
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lipoproteins. After a 22-hour culture period, monocyte production of IL-4, IP-10, IL-1β, 

TNF-α, MCP-1, IL-6, IL-10, IL-12p70, IL-8, and TGF-β1 were significantly modulated 

by FSL-1 treatment (Table 1, Fig. 5A, C, and E, Supplementary fig. 5A, E, G, I, K, 

M, and O). Although monocyte production of IL-4, IP-10, IL-12p70, IL-8, and TGF-β1 

were significantly increased, induction was less than 2-fold compared to background levels 

(Supplementary fig. 5A, E, K, M, and O). Additionally, FSL-1 increased MCP-1 production 

by 1.9-fold (Fig. 5C). Monocyte activation via TLR 5 increased IL-1β, TNF-α, and IL-10 

5.4 – 7.3-fold compared to background (Fig. 5A Supplementary fig. 5G and I). Interestingly, 

monocyte IL-6 production was suppressed nearly 2-fold by FSL-1 treatment (Fig. 5E). 

Monocyte IL-2 production was not affected by FSL-1 treatment (Supplemental fig. 5C). 

Of the 13 cytokines measured, CBD treatment altered production of IL-1β, MCP-1, and 

IL-6, compared to the vehicle control. CBD treatment at 1, 5, and 10 μM significantly 

suppressed monocyte IL-1β secretion, with the greatest level of suppression measured at 

48% in the 10 μM treatment group, compared to the vehicle control (Fig. 5B). Moreover, 

CBD significantly increased secretion of MCP-1 in the 1 and 5 μM CBD treated groups 

by approximately 36%, compared to the vehicle control (Fig. 5D). Additionally, IL-6 

production was modestly suppressed by 1, 5, and 10 μM CBD (Fig. 5F).

3.2 Intracellular TLRs

Intracellular TLRs found within the endosomal compartments of cells provide the host 

with detection and immunity against nucleic acids of pathogenic origin: most commonly 

a signature of viruses, as well as specific intracellular pathogenic bacteria (Kawasaki and 

Kawai 2014). TLRs confined in the endosomal compartments include TLRs 3, 7, 8, and 9. 

Each intracellular TLR exhibits specific PAMP sensitivities and activates the innate immune 

system upon pathogen recognition. Activation of monocytes through the various intracellular 

TLRs resulted in a varied range of responses through cytokine and chemokine release. Table 

2 summarizes how CBD modulates monocyte secretion of cytokines/chemokines resulting 

from activation through each intracellular TLR. Table 2 does not show results for IFN-γ and 

IL-17A due to amounts below the level of detection.

TLR 3 recognizes double stranded RNA (dsRNA), in addition to certain single stranded 

RNA from specific pathogens (Blasius and Beutler 2010). Monocytes were activated 

through TLR 3 using low molecular weight Poly (I:C), a synthetic analog of dsRNA, which 

was annealed in our laboratory prior to monocyte activation. After a 22-hour culture period, 

monocyte production of IL-4, IL-2, IP-10, MCP-1, IL-12p70, and TGF-β1were significantly 

modulated by Poly (I:C) compared to background (Table 2, Fig. 6A, Supplementary fig. 6A, 

C, G, K, and O). Although monocyte production of IL-4 and TGF-β1 were significantly 

upregulated, induction was less than 2-fold above background levels while induction of 

MCP-1 and IL-12p70 were slightly above 2-fold (Table 2, Supplementary fig. 6G and K). 

Monocyte IP-10 was induced by nearly 35-fold above background levels by Poly (I:C) 

(Fig. 6A). Additionally, Poly (I:C) activation resulted in a slight reduction of IL-2 that 

was less than 2-fold compared to background (Supplementary fig. 6C). Monocyte IL-1β, 

TNF-α, IL-6, IL-10, and IL-8 were not significantly affected by Poly (I:C) (Fig. 6C, and 

E, Supplementary fig. 6E, I, and M). Intriguingly, of the 13 cytokines measured after 

TLR3 stimulation, CBD only affected monocyte IP-10 secretion (Fig. 6B). IP-10 secretion 
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was suppressed by CBD in a concentration-dependent manner with statistically significant 

differences observed in the 5 and 10 μM treatment groups. At 10 μM level, CBD suppressed 

IP-10 production by approximately 70% from vehicle control. Interestingly, Poly (I:C) 

activated monocyte secretion of IL-1β was not significantly affected by CBD (Fig. 6D).

TLR 7 engages in the recognition of guanosine-rich single-stranded RNA (ssRNA), as 

well as some siRNAs (Blasius and Beutler 2010). In this series of experiments, monocytes 

were activated with a synthetically derived imidazoquinolinone amine analog to guanosine, 

imiquimod (R-837). After a 22-hour culture period of monocytes with R-837, a significant 

upregulation of IL-4, IL-2, IL-1β, MCP-1, IL-6, IL-12p70, IL-8, and TGF-β1 was detected 

from background levels (Table 2, Fig. 7A, C, and E, and Supplementary fig. 7A, C, G, K, 

M, and O) Although R-837 treatment produced a significant upregulation of monocyte IL-2 

and IL-8, induction was less than 2-fold above background levels (Supplementary fig. 7C 

and M). The induction of IL-4, MCP-1, IL-6, IL-12p70, and TGF-β1 ranged from 2.9 – 

9-fold above background (Fig. 7E, and Supplementary fig. 7 A, G, K, and O). Furthermore, 

the R-837-mediated induction of monocyte IL-1β was 212-fold above background levels 

(Fig. 7A). Induction of TNF-α was 46.5-fold above basal production, however, was not 

statistically significant due to high variation (Fig. 7C). R-837 did not significantly affect 

monocyte secretion of IP-10 and IL-10 (Supplementary fig. 7M and I). Of the 13 cytokines 

measured, monocyte secretion of IL-1β, TNF-α, and IL-6 were significantly modulated by 

CBD treatment (Fig. 7). CBD (5 μM) caused a significant downregulation of monocyte 

IL-1β secretion by 23% compared to the vehicle control (Fig. 7B). In contrast, TLR 7 

activated monocyte secretion of TNF-α and IL-6 were increased by 10 μM CBD treatment 

by 145% and 26%, respectively (Fig. 7D and F).

TLR 8 shares a high degree of homology, as well as similarity in function with TLR 7. It 

is known to recognize pathogenic uridine-rich ssRNA, as well as degradation products of 

ssRNA (Tanji et al. 2015). In these experiments, monocytes were activated through TLR 8 

by ssRNA40, a uridine-rich ssRNA derived from the HIV-1 long terminal repeat. After a 22-

hour stimulation of monocytes with TLR 8 agonist, ssRNA40, significant induction above 

background levels was observed in a number of cytokines. Specifically, TLR 8 ligation 

increased the production of IL-2, IP-10, IL-1β, TNF-α, MCP-1, IL-6, IL-10, IL-12p70, 

and TGF-β1(Table 2, Fig. 8A, C, E, and G, and Supplementary fig. 8A, C, E, G, and 

K). Although ssRNA40 treatment increased monocyte secretion of IL-2, induction was less 

than 2-fold above background levels (Supplementary fig. 8A). TLR 8 stimulation resulted 

in an upregulation of IP-10, MCP-1, IL-6, IL-10, and TGF-β1 ranging from 5 – 17-fold 

above background (Fig. 8E and G, and Supplementary fig. 8C, E, and K). Additionally, 

monocyte activation upregulated the secretion of IL-1β, TNF-α, and IL-12p70 by 153, 134, 

and 240-fold, respectively (Fig. 8A and C, and Supplementary fig. 8G). ssRNA40 had no 

statistically significant effect on monocyte secretion of IL-8 (Supplementary fig. 8I). Of the 

13 cytokines measured, CBD affected the secretion of ssRNA40-activated monocyte TNF-α, 

IL-6, and IL-10 (Table 2 and Fig. 8D, F, and H). CBD (10 μM) treatment induced the 

secretion of ssRNA mediated monocyte TNF-α and IL-10 by 42% and 45%, respectively, 

compared to vehicle control (Fig. 8D and H). Furthermore, monocyte secretion of IL-6 was 

suppressed by all concentrations of CBD, with maximal suppression of 19% achieved with 
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treatment as low as 0.5 μM (Fig. 8F). In congruence with TLR3, CBD treatment had no 

effect on TLR 8-activated monocyte secretion of IL-1β (Fig. 8B).

TLR 9 recognizes pathogenic DNA rich in unmethylated CpG-DNA motifs (Kawasaki 

and Kawai 2014). The TLR 9 signaling pathway was activated in monocytes with CpG 

ODN, a synthetically derived oligonucleotide containing unmethylated CpG dinucleotides. 

Following a 22-hour stimulation of monocytes with CpG ODN, we detected a significant 

increase in monocyte secretion of IL-4, IP-10, TNF-α, IL-6, and TGF-β1 (Table 2, Fig. 9C 

and E, and Supplementary fig. 9A, E, G). Although the TLR 9 agonist induced monocyte 

secretion of IL-4, IP-10, and TGF-β1 in a statistically significant manner, induction was 

less than 2-fold compared to background production. Additionally, TLR 9 stimulation 

resulted in an upregulation of TNF-α and IL-6 by 7.4 and 3.8-fold above background. 

CpG ODN had no statistically significant effect on monocyte secretion of IL-2, IL-1β, 

MCP-1, IL-10, IL-8 (Fig. 9A, and Supplementary fig. 9C, I, K, and M). Of the 13 cytokines 

measured, CBD treatment resulted in a suppression of TLR 9-activated monocyte secretion 

of IL-6 and TGF-β1 (Fig. 9D and F). Monocyte IL-6 production was suppressed by all 

concentrations of CBD, with maximal suppression (30%) observed at 0.5 μM CBD. TLR 

9-activated monocyte TGF-β1 secretion was similarly suppressed by 0.5 and 1 μM CBD; 

however, no effect was seen at the two highest concentrations. Furthermore, even though 

CpG ODN treatment did not result in a statistically significant increase in IL-1β production 

by monocyte, all concentrations of CBD treatment resulted in suppression of monocyte 

IL-1β secretion, with the greatest level of suppression observed at 10 μM CBD, upon which 

IL-1β levels were impaired by 63% compared to vehicle control (Fig. 9B).

4 Discussion

As the popularity of CBD containing products for self-medicinal use becomes more 

prevalent in the United States, there is a growing need and interest in assessing the 

toxicological effects of cannabis-derived compounds. Here the effects of CBD were 

evaluated on the activated human innate immune system. Specifically, human monocytes 

isolated from healthy donors and activated with TLR 1–9 were treated with increasing 

concentrations of CBD. In this investigation we demonstrated that CBD treatment resulted 

in the specific suppression of IL-1β in monocytes activated through all TLRs, individually, 

with the exception of TLR 3 and 8. Similarly, CBD treatment also suppressed the secretion 

of IL-6 from monocytes activated through TLRs 2, 4, 5, 6, 8, and 9. Interestingly, CBD 

upregulated IL-6 release from monocytes activated through TLR 7 and had no effect 

on secretion by monocytes activated through TLRs 1 and 3. Besides IL-1β and IL-6, 

significant modulation by CBD treatment was observed in a TLR specific manner in 7 

additional cytokines: TNF-α, IL-2, IP-10, MCP-1, IL-10, IL-12p70, and TGF-β1. Although 

consistent trends were not observed for these other cytokines, some trends did exist. For 

example, TNF-α and MCP-1 were consistently upregulated by CBD where significant 

modulation was observed. Likewise, TGF-β and IP-10 were consistently downregulated 

when modulation by CBD occurred. Furthermore, specific suppression of monocyte derived 

pro-inflammatory cytokines IL-1β and IL-6 by CBD may provide anti-inflammatory relief 

to users depending on the context of disease state by putative suppression of monocytes.
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The results shown here support previously published studies conducted in murine models 

and monocytic cell lines showing the immunosuppresive activity of CBD through the 

repression of IL-1β and IL-6 mRNA expression, as well as the downregulation of pro-

inflammatory mediators such as IL-6, IL-8, MCP-1, and TNF-α following LPS stimulation, 

respectively (Lee et al. 2014; Muthumalage and Rahman 2019). However, our study shows 

that CBD treatment of primary monocytes activated through TLR 4 does not significantly 

modulate monocyte-derived IL-8, MCP-1, and TNF-α. The discrepancy observed between 

our findings and those reported by Muthumalage and coworkers may be due to the 

differences in cell model (primary vs cell-line) and the utilization of LPS concentrations 

100-fold higher compared to the present investigation. To our knowledge this is the first 

comprehensive evaluation of the effects of CBD on TLR receptor (1–9)-activated human 

primary peripheral blood monocytes. This is of particular importance as the vast majority 

of studies evaluating the immune modulating activity of CBD have been conducted in 

animal models, most often mice. Although studies involving in vivo murine models provide 

important insights into the putative mechanism responsible for some of the biological effects 

produced by CBD, there are limitations when extrapolating these results to humans, which 

includes but is not limited to genetic variability, diet, lifestyle differences, differences in age, 

and known differential inflammatory responses to exogenous agents between species (Seok 

et al. 2013).

IL-1β is a potent cytokine, critical in regulating the host-defense and inflammatory response 

to infection, through PAMP and DAMP signaling, and is mainly produced by cells of the 

myeloid lineage (Lopez-Castejon and Brough 2011). It is noteworthy that IL-1β also acts 

to bridge the innate and adaptive immune system by stimulating T cell-dependent antibody 

production, as well as promoting Th17 differentiation (Dinarello 2009). Due to its function 

as a potent pyrogenic and pro-inflammatory mediator, it is not surprising that there can be 

crucial pathophysiological consequences due to chronic overproduction of IL-1β, such as 

rheumatoid arthritis, neuroinflammation, cancer, as well as neurodegenerative diseases, such 

as Alzheimer’s disease and HIV associated dementia (Jin et al. 1997; Kaneko et al. 2019; 

Kay 2004; Proescholdt et al. 2002; Shaftel et al. 2008; Stanley et al. 1994).

Similar to IL-1β, IL-6 is also a potent pro-inflammatory mediator involved in the induction 

of the inflammatory acute phase response (Kramer et al. 2008). One of the most extensively 

characterized functions of IL-6 is its influential role in stimulating the production of 

acute-phase proteins, which function as a survival response to restore homeostasis in the 

face of inflammatory conditions (Gabay and Kushner 1999). Additionally, IL-6 plays an 

important role in bridging innate and adaptive immunity. Like IL-1β, IL-6 is an important 

factor in stimulating CD4+ T cell differentiation into Th17 cells and has been implicated 

in suppressing TGF-β-induced regulatory T cell differentiation (Bettelli et al. 2006; Korn 

et al. 2009). Not surprisingly, chronically elevated levels of circulating IL-6 have also been 

implicated in inflammatory and autoimmune diseases such as rheumatoid arthritis, systemic 

lupus, psoriasis, Chron’s disease, and systemic juvenile idiopathic arthritis (Gabay 2006; 

Nakahara et al. 2003).

In light of the intricate role both IL-1β and IL-6 play in mediating inflammation, the ability 

of CBD to suppress monocyte production of these cytokines may be beneficial for those 
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experiencing acute inflammatory responses, chronic inflammation and autoimmune diseases. 

Considering monocytes are an important source of these potent cytokines, the modulatory 

effects of CBD on monocyte production of IL-1β and IL-6 may have downstream influences 

related to the direct modulation of the innate immune response, as well as indirect effects 

on the adaptive immune system. However, it is important to emphasize that whether CBD 

exerts beneficial or adverse effects is highly dependent on the context in which an individual 

is exposed to this cannabinoid. As such, those responding to an infectious organism could 

experience a tempered immune response due to CBD, which could result in an adverse or 

deleterious effect, whereas someone suffering from persistent or chronic inflammation may 

derive beneficial effects from the anti-inflammatory properties through suppression of IL-1β 
and IL-6 by CBD.

Although immune modulation by CBD has been investigated by numerous laboratories, 

the specific mechanism and molecular target(s) has remained elusive. Several receptors 

have been implicated by which CBD may exert its biological activity and include the TRP 

family receptors, 5-HT receptors, GPR55, adenosine A2 receptors, and PPARs, all of which 

are expressed on monocytes (Chiurchiù et al. 2015; Haskó et al. 2007; Palmqvist et al. 

2016; Santoni et al. 2018). Therefore, signaling initiated by CBD through one or more 

of these receptors in addition to its direct interactions with the TLR signaling pathways 

at this time cannot be ruled out and may contribute to altered TLR-induced monocyte 

production of IL-1β and IL-6. For example, CBD has been identified as an agonist at 

the TRPV1 ion channel (Bisogno et al. 2001), which becomes rapidly desensitized upon 

activation, thus preventing further Ca2+ influx. The influx of extracellular Ca2+ has been 

implicated in mediating some TLR signaling pathways that result in cytokine production 

(Tang et al. 2017). Therefore, it is possible that CBD is activating and rapidly desensitizing 

TRPV1 receptors on the monocyte membrane, preventing Ca2+influx and downstream TLR 

signaling. Additionally, PPARγ has been identified to basally suppress the pro-inflammatory 

immune response mediated by TLRs through repression of NF-κB-mediated inflammatory 

signaling (Necela et al. 2008). CBD has also been reported to activate PPARγ (O’Sullivan 

et al. 2009), which could putatively enhance repression on NF-κB signaling to suppress 

pro-inflammatory cytokine transcription.

CBD may also putatively mediate monocyte cytokine modulation through the dysregulation 

of transcription factors downstream of TLR signaling pathways. Following recognition 

of specific PAMPs, TLR signaling commences through the recruitment of specific toll/

interleukin-1 receptor (TIR) domain containing adaptor proteins, myeloid differentiation 

factor 88 (MyD88) and/or TIR-domain-containing adapter-inducing interferon beta (TRIF) 

(Kawasaki and Kawai 2014). These adaptor proteins initiate signaling pathways that result 

in the activation of mitogen-activated protein kinases (MAPK) and transcription factors such 

as NF-κB, AP-1, and interferon regulatory factor (IRF) to regulate cytokine, chemokine, 

and type 1 interferon production (Kawasaki and Kawai 2014). There is great overlap 

between TLR signaling pathways, wherein all pathways, apart from TLR 3, are initiated 

by the recruitment of MyD88, resulting in the activation of transcription factors NF-κB 

and AP-1, which are responsible for the transcription of IL-1β and IL-6 (Nichols and 

Kaplan 2020b). TLR 3 is the only TLR that solely relies on the TRIF adaptor protein, 

which has been reported to activate IRF (Kawasaki and Kawai 2014). Various previously 
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published studies have established that CBD treatment results in the downregulation in 

activity of both NF-κB and AP-1in in vivo murine models, as well as in vitro murine 

microglial cell lines (Kaplan et al. 2008; Kozela et al. 2010; Mukhopadhyay et al. 2011; 

Rajesh et al. 2010). Further research has established that CBD treatment can also result 

in the downregulation of p38 MAPKs and upregulation of the NF-κB inhibitor, IκBα 
(McKallip et al. 2006; Rajesh et al. 2010). Moreover, p38 MAPKs are particularly important 

in promoting NF-κB transcriptional activity (Saha et al. 2007), and are also crucial for 

the phosphorylation of activating transcription factor 2 and c-Jun, thus regulation of AP-1 

activation (Backert and Naumann 2010). The suppression of these transcription factors is 

particularly interesting because it may explain why CBD is only able to downregulate 

cytokines in MYD88-dependent TLR signaling pathways, and not that of TLR 3. In 

addition, a putative explanation as to why CBD did not inhibit IL-1β in monocytes activated 

through TLR 8, as seen with TLR 7 may be, at least in part, that the TLR 8 signaling 

cascade activates the NF-κB pathway more strongly compared to TLR 7 (Bender et al. 

2020), suggesting that CBD is not as efficacious in impairing the strong TLR 8-mediated 

induction of IL-1β. As observed in this paper, TLR 8 activation resulted in IL-1β production 

that was 10-fold higher than in monocytes stimulated through TLR 7.

Indeed, it is also possible that CBD may alter IL-1β secretion through a post translational 

mechanism, by inhibition of the inflammasome. IL-1β is initially produced as a precursor 

proprotein that is proteolytically cleaved by inflammasome-mediated activated caspase-1, 

resulting in bioactive mature IL-1β (Afonina et al. 2015; Franchi et al. 2009). Furthermore, 

some recent studies have implicated CBD treatment in inhibiting inflammasome activation 

(Huang et al. 2019; Libro et al. 2016). The role that IL-1β plays in the transcriptional 

regulation of IL-6 is also of particular importance. IL-1β not only induces IL-6 promoter 

activity on the transcriptional level, but also enhances IL-6 protein secretion in an AP-1 

and NF-κB dependent manner (Szabo-Fresnais et al. 2008). Thus, it is possible that the 

suppression of the IL-1β response by CBD through inflammasome suppression may be 

indirectly mediating IL-6 production in a paracrine fashion, contributing to the suppression 

of IL-6 as observed in the current investigation.

It is critical to note that the concentrations of CBD used in this series of studies are 

relevant to human exposure. It has been recently reported that nearly two-thirds of CBD 

products on the market do not contain the concentration of CBD that is indicated on the 

product label (Bonn-Miller et al. 2017). Therefore, the majority of consumers are using 

unknown quantities of CBD and perhaps in a manner that is not in concordance with 

labels, which further complicates accurately estimating human exposure levels. However, 

pharmacokinetic clinical studies for Epidiolex® have demonstrated that peak CBD plasma 

levels reached over 1μM of the parent compound following 20 mg/kg/day dosing, which 

falls within our concentration response curve (Center for Drug Evaluation and Research 

2018). Additionally, Epidiolex® clinical studies also detailed that there is a 50-fold 

higher peak plasma concentration of the active metabolite 7-COOH-CBD compared to the 

parent compound. Since monocytes do not express CYP3A4 or CYP2c19, the cytochrome-

P450 isozymes responsible for CBD metabolism, the immunomodulating effect of CBD 

metabolites were not assessed in our study. Given the aforementioned caveats and the 

broad CBD concentration range evaluated here, the concentrations of CBD utilized in the 
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current study are concordant with those estimated for human consumption. However, it is 

important to note that those utilizing very low doses of over-the-counter CBD products 

will not achieve blood plasma concentrations utilized within this study, however, as CBD is 

very lipophilic, it is possible that CBD accumulates within the body with daily use wherein 

these concentrations may be reached over time. These studies are critical in detailing the 

concentrations at which CBD can affect monocyte effector function.

There was a limitation within this study, which involves the fact that because TLR 2 

monomers can homodimerize, as well as heterodimerize with TLR 6 and TLR 1, there is 

no feasible way to isolate the CBD effect on monocytes activated in a solely TLR 1, 2, or 

6 dependent manner. However, on a physiological level these TLRs work in conjunction 

with one another, thus it is not necessarily relevant to determine how CBD modulates the 

response of monocytes activated through these receptors individually.

In summary, this paper provides a comprehensive overview of the effects produced by CBD 

on cytokine/chemokine production in monocytes activated through TLRs. Specifically, we 

demonstrate that CBD can modulate the production of monocyte-derived proinflammatory 

cytokines IL-1β and IL-6, both of which are critical mediators in immune activation, 

inflammation, and recruitment of the adaptive immune system. This study provides further 

evidence that CBD has a major anti-inflammatory effect on the innate immune system, 

specifically on monocytes activated via most TLRs, thus exerting an indirect effect on the 

adaptive immune system through the dampening of the innate immune response. Perhaps 

CBD use has the potential of partially mitigating inflammation associated with certain 

disease states. Further studies will be required to ascertain the role of CBD metabolites and 

their contribution, if any, on the immune modulating properties of CBD. Last and as stated 

above, it is important to consider the context within which CBD is used in order to ascertain 

whether the effects produced on the immune system are beneficial or detrimental to health.
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Non-standard abbreviations:

5-HT 5-hydroxytryptamine

7-COOH-CBD 7-carboxy cannabidiol

ANOVA analysis of variance

AP-1 activator protein 1

CB cannabinoid receptor
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CBD cannabidiol

CpG ODN cytosine-phosphorothioate-guanine oligodeoxynucleotides

DAMP damage-associated molecular pattern

EAM experimental autoimmune myocarditis

FSL-1 synthetic diacylated lipoprotein

GPR55 G-protein coupled receptor 55

HBV hepatitis B virus

HCV hepatitis C virus

HIV human immunodeficiency disorder

HKLM heat killed listeria monocytogenes

HTLV human T-lymphotropic virus

IFN-γ interferon gamma

IL interleukin

IP-10 interferon gamma-induced protein 10

IRF interferon regulating factor

LMW low molecular weight

LPS lipopolysaccharide

MAPK mitogen-activated protein kinase

MCP-1 monocyte chemoattractant protein 1

MyD88 myeloid differentiation factor 88

NF-κβ nuclear factor kappa-light-chain-enhancer of activated B 

cells

NLRP3 NLR family pyrin domain containing 3

PAMP pathogen-associated molecular pattern

PMA/Io phorbol 12-myristate 12-acetate/ionomycin

poly(I:C) polyinosine-polycytidylic acid

PPAR-γ peroxisome proliferator-activated receptor gamma

PPR pattern recognition receptor

R837 imiquimod

SERMET et al. Page 16

Toxicology. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RPMI Roswell Park Memorial Institute Medium

TGF-β1 transforming growth factor beta 1

THC: Δ9 tetrahydrocannabinol

TIR toll/interleukin-1 receptor

TLR toll-like receptor

TNF-α tumor necrosis factor alpha

TRIF TIR-domain-containing adapter-inducing interferon beta

TRP transient receptor potential
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Fig. 1. The effect of CBD on TLR 1 activated monocytes.
Monocytes were either unstimulated (U.S.), activated with TLR 1 agonist, PAM3CSK4, at 

100 ng/mL (activation only control), or activated with PAM3CSK4 in combination with 

vehicle (0.03% ethanol; Vh), then cultured for 22 hours (A, C, E, G, I, and L). These 

graphs present the unnormalized concentration of each cytokine and chemokine. Figures 

were statistically analyzed by repeated measures one-way ANOVA with Sidak’s post-hoc 

test. Asterisks denote statistically significant differences compared to U.S. (*p < 0.05, ***p 

< 0.001, ****p < 0.0001) as determined by repeated measures one-way ANOVA with 

Sidak’s post-hoc test. Pound symbols denote statistically significant differences between 

activated and Vh treated cells (#p < 0.05). Monocytes were activated with PAM3CSK4 

and treated with Vh or CBD (0.5, 1, 5, or 10 μM), then cultured for 22 hours (B, D, F, 

H, J, and M). After quantification of cytokine and chemokine, values were normalized to 

the PAM3CSK4 activation only control and presented as a percentage. Asterisks denote 

statistically significant differences from the Vh control in each graph (*p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001) as determined by repeated measures one-way ANOVA with 

Dunnett’s post-hoc test. All graphs are means S.E.M. (A-M) (n = 6).
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Fig. 2. The effect of CBD on TLR 2 activated monocytes.
Monocytes were either unstimulated (U.S.), activated with TLR 2 agonist, HKLM, at 107 

cells/mL (activation only control), or activated with HKLM in combination with vehicle 

(0.03% ethanol; Vh), then cultured for 22 hours (A, C, E, and G). These graphs present the 

unnormalized concentration of each cytokine and chemokine. Asterisks denote statistically 

significant differences compared to U.S. (****p < 0.0001) as determined by repeated 

measures one-way ANOVA with Sidak’s post-hoc test. Monocytes were activated with 

HKLM and treated with Vh or CBD (0.5, 1, 5, or 10 μM), then cultured for 22 hours (B, 

D, F, and H). After quantification of cytokine and chemokine, values were normalized to 

the HKLM activation only control for each donor and presented as a percentage. Asterisks 

denote statistically significant differences from the Vh control in each graph (*p < 0.05, **p 

< 0.01) as determined by repeated measures one-way ANOVA with Dunnett’s post-hoc test. 

All graphs show the mean S.E.M. (A-H) (n = 6).
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Fig. 3. The effect of CBD on TLR 4 activated monocytes.
Monocytes were either unstimulated (U.S.), activated with TLR 4 agonist, LPS, at 10 ng/mL 

(activation only control), or activated with LPS in combination with vehicle (0.03% ethanol; 

Vh), then cultured for 22 hours (A, C, E, G, and I). These graphs present the unnormalized 

concentration of each cytokine and chemokine. Asterisks denote statistically significant 

differences compared to U.S. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) as 

determined by repeated measures one-way ANOVA with Sidak’s post-hoc test. Monocytes 

were activated with LPS and treated with Vh or CBD (0.5, 1, 5, or 10 μM), then cultured 

for 22 hours (B, D, F, H, and J). After quantification of cytokine and chemokine, values 

were normalized to the LPS activation only control and presented as a percentage. Asterisks 

denote statistically significant differences from the Vh control in each graph (*p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001) as determined by repeated measures one-way 

ANOVA with Dunnett’s post-hoc test. All graphs are means S.E.M. (A-J) (n = 6).
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Fig. 4. The effect of CBD on TLR 5 activated monocytes.
Monocytes were either unstimulated (U.S.), activated with TLR 5 agonist, flagellin, at 5 

μg/mL (activation only control), or activated with flagellin in combination with vehicle 

(0.03% ethanol; Vh), then cultured for 22 hours (A, C, E, and G). These graphs present the 

unnormalized concentration of each cytokine and chemokine. Asterisks denote statistically 

signigicant differences compared to U.S. (*p < 0.05, **p < 0.01, ***p < 0.001) as 

determined by repeated measures one-way ANOVA with Sidak’s post-hoc test. Monocytes 

were activated with flagellin and treated with Vh or CBD (0.5, 1, 5, or 10 μM), then cultured 

for 22 hours (B, D, F, and H). After quantification of cytokine and chemokine, values were 

normalized to the flagellin activation only control and presented as a percentage. Asterisks 

denote statistically significant differences from the Vh control in each graph (*p < 0.05, **p 

< 0.01, ***p < 0.001) as determined by repeated measures one-way ANOVA with Dunnett’s 

post-hoc test. All graphs are means ± S.E.M. (A-H) (n = 6).
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Fig. 5. The effect of CBD on TLR 6 activated monocytes.
Monocytes were either unstimulated (U.S.), activated with TLR 6 agonist, FSL-1, at 1 

ng/mL (activation only control), or activated with FSL-1 in combination with vehicle 

(0.03% ethanol; Vh), then cultured for 22 hours (A, C and E). These graphs present the 

unnormalized concentration of each cytokine and chemokine. Asterisks denote statistically 

significant differences compared to U.S. (*p < 0.05, **p < 0.01) as determined by repeated 

measures one-way ANOVA with Sidak’s post-hoc test. Monocytes were activated with 

FSL-1 and treated with Vh or CBD (0.5, 1, 5, or 10 μM), then cultured for 22 hours (B, 
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D, and F). After quantification of cytokine and chemokine, values were normalized to the 

FSL-1 activation only control and presented as a percentage. Asterisks denote statistically 

significant differences from the Vh control in each graph (*p < 0.05, **p < 0.01, ***p < 

0.001) as determined by repeated measures one-way ANOVA with Dunnett’s post-hoc test. 

All graphs are means S.E.M. (A-F) (n = 6).

SERMET et al. Page 27

Toxicology. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. The effect of CBD on TLR 3 activated monocytes.
Monocytes were either unstimulated (U.S.), activated with TLR 3 agonist, Poly (I:C), at 100 

μg/mL (activation only control), or activated with Poly (I:C) in combination with vehicle 

(0.03% ethanol; Vh), then cultured for 22 hours (A and C). These graphs present the 

unnormalized concentration of each cytokine and chemokine. Asterisks denote statistically 

significant differences compared to U.S. (*p < 0.05) as determined by repeated measures 

one-way ANOVA with Sidak’s post-hoc test. Monocytes were activated with Poly (I:C) 

and treated with Vh or CBD (0.5, 1, 5, or 10 μM), then cultured for 22 hours (B 
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and D). After quantification of cytokine and chemokine, values were normalized to the 

Poly(I:C) activation only control and presented as a percentage. Asterisks denote statistically 

significant differences from the Vh control in each graph (***P < 0.001, ****P < 0.0001) as 

determined by repeated measures one-way ANOVA with Dunnett’s post-hoc test. All graphs 

are means S.E.M. (A-F) (n = 6).
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Fig. 7. The effect of CBD on TLR 7 activated monocytes.
Monocytes were either unstimulated (U.S.), activated with TLR 7 agonist, R-837, at 10 

μg/mL (activation only control), or activated with R837 in combination with vehicle 

(0.03% ethanol; Vh), then cultured for 22 hours (A, C, and E). These graphs present the 

unnormalized concentration of each cytokine and chemokine. Asterisks denote statistically 

significant differences compared to U.S. (*p < 0.05,***p < 0.001, ****p < 0.0001) as 

determined by repeated measures one-way ANOVA with Sidak’s post-hoc test. Monocytes 

were activated with R-837 and treated with Vh or CBD (0.5, 1, 5, or 10 μM), then cultured 
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for 22 hours (B, D, and F). After quantification of cytokine and chemokine, values were 

normalized to the R-837 activation only control and presented as a percentage. Asterisks 

denote statistically significant differences from the Vh control in each graph (*p < 0.05, 

***p < 0.001) as determined by repeated measures one-way ANOVA with Dunnett’s post-

hoc test. All graphs are means S.E.M. (A-F) (n = 6).
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Fig. 8. The effect of CBD on TLR 8 activated monocytes.
Monocytes were either unstimulated (U.S.), activated with TLR 8 agonist, ssRNA40, at 0.5 

μg/mL (activation only control), or activated with ssRNA40 in combination with vehicle 

(0.03% ethanol; Vh), then cultured for 22 hours (A, C, E, and G). These graphs present 

the unnormalized concentration of each cytokine and chemokine. Asterisks denote statistical 

differences compared to U.S. (**p < 0.01, ***p < 0.001, ****p < 0.0001) as determined by 

repeated measures one-way ANOVA with Sidak’s post-hoc test. Monocytes were activated 

with ssRNA40 and treated with Vh or CBD (0.5, 1, 5, or 10 μM), then cultured for 

22 hours (B, D, F, and H). After quantification of cytokine and chemokine, values were 

normalized to the ssRNA40 activation only control and presented as a percentage. Asterisks 

denote statistically significant differences from the Vh control in each graph (*p < 0.05) as 

determined by repeated measures one-way ANOVA with Dunnett’s post-hoc test. All graphs 

are means S.E.M. (A-H) (n = 6).
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Fig. 9. The effect of CBD on TLR 9 activated monocytes.
Monocytes were either unstimulated (U.S.), activated with TLR 9 agonist, CpG ODN, at 

15 μg/mL (activation only control), or activated with CpG in combination with vehicle 

(0.03% ethanol; Vh), then cultured for 22 hours (A,C, and E). These graphs present the 

unnormalized concentration of each cytokine and chemokine. Asterisks denote statistically 

significant differences compared to U.S. (*p< 0.05, **p < 0.01)) as determined by repeated 

measures one-way ANOVA with Sidak’s post-hoc test. Monocytes were activated with Cpg 

ODN and treated with Vh or CBD (0.5, 1, 5, or 10 μM), then cultured for 22 hours (B, D, 
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and F). After quantification of cytokine and chemokine, values were normalized to the CpG 

ODN activation only control and presented as a percentage. Asterisks denote statistically 

significant differences from the Vh control in each graph (*p < 0.05, **p < 0.01, ****p < 

0.0001) as determined by repeated measures one-way ANOVA with Dunnett’s post-hoc test. 

All graphs are means S.E.M. (A-F) (n = 6).

SERMET et al. Page 34

Toxicology. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

SERMET et al. Page 35

Ta
b

le
 1

A
 c

om
pr

eh
en

si
ve

 o
ve

rv
ie

w
 o

f 
ho

w
 C

B
D

 m
od

ul
at

es
 th

e 
se

cr
et

io
n 

of
 1

1 
cy

to
ki

ne
s 

an
d 

ch
em

ok
in

es
 f

ro
m

 m
on

oc
yt

es
 a

ct
iv

at
ed

 th
ro

ug
h 

ex
tr

ac
el

lu
la

r 

T
L

R
s 

(1
, 2

, 4
, 5

, a
nd

 6
).

 A
ct

iv
at

io
n 

co
lu

m
ns

 in
di

ca
te

 w
he

th
er

 th
er

e 
w

as
 a

 s
ig

ni
fi

ca
nt

 d
if

fe
re

nc
e 

in
 c

yt
ok

in
e 

se
cr

et
io

n 
be

tw
ee

n 
un

st
im

ul
at

ed
 a

nd
 T

L
R

 

ag
on

is
t t

re
at

ed
 m

on
oc

yt
es

. C
B

D
 e

ff
ec

t c
ol

um
ns

 d
en

ot
e 

w
he

th
er

 c
yt

ok
in

e 
pr

od
uc

tio
n 

w
as

 m
od

ul
at

ed
 b

y 
C

B
D

 tr
ea

tm
en

t, 
in

 a
dd

iti
on

 to
 d

ir
ec

tio
na

lit
y 

an
d 

co
nc

en
tr

at
io

ns
 a

t w
hi

ch
 s

ig
ni

fi
ca

nt
 m

od
ul

at
io

n 
w

as
 o

bs
er

ve
d,

 (
n 

=
 6

).
 C

yt
ok

in
e 

pr
od

uc
tio

n 
be

lo
w

 d
et

ec
tio

n 
is

 d
en

ot
ed

 b
y 

“−
”.

 A
ct

iv
at

io
n 

co
lu

m
ns

 a
re

 

de
no

te
d 

by
 Y

 (
ye

s)
 if

 s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

 c
ha

ng
e 

w
as

 o
bs

er
ve

d 
up

on
 a

go
ni

st
 tr

ea
tm

en
t, 

or
 N

 (
no

).
 C

B
D

 e
ff

ec
t c

ol
um

ns
 a

re
 d

en
ot

ed
 b

y 
co

nc
en

tr
at

io
ns

 

w
he

re
 C

B
D

 p
ro

du
ce

d 
st

at
is

tic
al

ly
 s

ig
ni

fi
ca

nt
 d

if
fe

re
nc

e,
 o

r 
N

E
 (

no
 e

ff
ec

t)
.

C
yt

ok
in

e
IL

-4
L

L
-2

IP
-1

0
IL

-l
β

T
N

Fα

T
re

at
m

en
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t
A

ct
iv

at
io

n
C

B
D

 e
ff

ec
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t
A

ct
iv

at
io

n
C

B
D

 e
ff

ec
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t

T
L

R
 1

Y
N

E
Y

↑5
Y

N
E

Y
↓0

.5
, 1

, 5
, 1

0
Y

↑1
0

T
L

R
 2

Y
N

E
Y

N
E

Y
↓1

, 5
, 1

0
Y

↓5
, 1

0
Y

N
E

T
L

R
 4

—
—

N
N

E
Y

↓1
0

Y
↓0

.5
, 1

, 5
, 1

0
Y

N
E

T
L

R
 5

Y
N

E
Y

N
E

Y
N

E
Y

↓1
, 5

, 1
0

Y
↑1

0

T
L

R
 6

Y
N

E
N

N
E

Y
N

E
Y

↓1
, 5

, 1
0

Y
N

E

C
yt

ok
in

e
M

C
P-

1
IL

-6
IL

-1
0

L
L

-1
2p

70
IL

-8

T
re

at
m

en
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t
A

ct
iv

at
io

n
C

B
D

 e
ff

ec
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t
A

ct
iv

at
io

n
C

B
D

 e
ff

ec
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t

T
L

R
 1

N
↑1

0
Y

N
E

Y
N

E
Y

↑1
0

Y
N

E

T
L

R
 2

Y
N

E
Y

↓5
Y

N
E

Y
N

E
N

N
E

T
L

R
 4

N
N

E
Y

↓0
.5

, 1
, 5

, 1
0

Y
↓0

.5
, 1

, 1
0

Y
N

E
Y

N
E

T
L

R
 5

Y
↑1

0
Y

↓1
, 5

, 1
0

N
N

E
Y

N
E

Y
N

E

T
L

R
 6

Y
↑l

, 5
Y

↓1
, 5

, 1
0

Y
N

E
Y

N
E

Y
N

E

C
yt

ok
in

e
T

G
F-

β1

T
re

at
m

en
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t

T
L

R
 1

Y
N

E

T
L

R
 2

Y
↓1

0

T
L

R
 4

Y
↓0

.5
, 1

, 5
, 1

0

T
L

R
 5

Y
N

E

T
L

R
 6

Y
N

E

Toxicology. Author manuscript; available in PMC 2022 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

SERMET et al. Page 36

Ta
b

le
 2

A
 c

om
pr

eh
en

si
ve

 o
ve

rv
ie

w
 o

f 
ho

w
 C

B
D

 m
od

ul
at

es
 th

e 
se

cr
et

io
n 

of
 1

1 
cy

to
ki

ne
s 

an
d 

ch
em

ok
in

es
 f

ro
m

 m
on

oc
yt

es
 a

ct
iv

at
ed

 th
ro

ug
h 

ex
tr

ac
el

lu
la

r 

T
L

R
s 

(3
, 7

, 8
, a

nd
 9

).
 A

ct
iv

at
io

n 
co

lu
m

ns
 in

di
ca

te
 w

he
th

er
 th

er
e 

w
as

 a
 s

ig
ni

fi
ca

nt
 d

if
fe

re
nc

e 
in

 c
yt

ok
in

e 
se

cr
et

io
n 

be
tw

ee
n 

un
st

im
ul

at
ed

 a
nd

 T
L

R
 

ag
on

is
t t

re
at

ed
 m

on
oc

yt
es

. C
B

D
 e

ff
ec

t c
ol

um
ns

 d
en

ot
e 

w
he

th
er

 c
yt

ok
in

e 
pr

od
uc

tio
n 

w
as

 m
od

ul
at

ed
 b

y 
C

B
D

 tr
ea

tm
en

t, 
in

 a
dd

iti
on

 to
 d

ir
ec

tio
na

lit
y 

an
d 

co
nc

en
tr

at
io

ns
 a

t w
hi

ch
 s

ig
ni

fi
ca

nt
 m

od
ul

at
io

n 
w

as
 o

bs
er

ve
d.

 (
n 

=
 6

).
 C

yt
ok

in
e 

pr
od

uc
tio

n 
be

lo
w

 d
et

ec
tio

n 
is

 d
en

ot
ed

 b
y 

“−
”.

 A
ct

iv
at

io
n 

co
lu

m
ns

 a
re

 

de
no

te
d 

by
 Y

 (
ye

s)
 if

 s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

 c
ha

ng
e 

w
as

 o
bs

er
ve

d 
up

on
 a

go
ni

st
 tr

ea
tm

en
t, 

or
 N

 (
no

).
 C

B
D

 e
ff

ec
t c

ol
um

ns
 a

re
 d

en
ot

ed
 b

y 
co

nc
en

tr
at

io
ns

 

w
he

re
 C

B
D

 p
ro

du
ce

d 
st

at
is

tic
al

ly
 s

ig
ni

fi
ca

nt
 d

if
fe

re
nc

e,
 o

r 
N

E
 (

no
 e

ff
ec

t)
.

C
yt

ok
in

e
IL

-4
IL

-2
IP

-1
0

IL
-1

β
T

N
Fα

T
re

at
m

en
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t
A

ct
iv

at
io

n
C

B
D

 e
ff

ec
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t
A

ct
iv

at
io

n
C

B
D

 e
ff

ec
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t

T
L

R
 3

Y
N

E
Y

N
E

Y
↓5

, 1
0

N
N

E
N

N
E

T
L

R
 7

Y
N

E
Y

N
E

N
N

E
Y

↓5
Y

↑1
0

T
L

R
 8

—
—

Y
N

E
Y

N
E

Y
N

E
Y

↑1
0

T
L

R
 9

Y
N

E
N

N
E

Y
N

E
N

↓0
.5

, 1
, 5

, 1
0

Y
N

E

C
yt

ok
in

e
M

C
P-

1
IL

-6
IL

-1
0

IL
-1

2p
70

IL
-8

T
re

at
m

en
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t
A

ct
iv

at
io

n
C

B
D

 e
ff

ec
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t
A

ct
iv

at
io

n
C

B
D

 e
ff

ec
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t

T
L

R
 3

Y
N

E
N

N
E

N
N

E
Y

N
E

N
N

E

T
L

R
 7

Y
N

E
Y

↑1
0

N
N

E
Y

N
E

Y
N

E

T
L

R
 8

Y
N

E
Y

↓0
.5

, 1
, 5

, 1
0

Y
↑1

0
Y

N
E

N
N

E

T
L

R
 9

N
N

E
Y

↓0
.5

, 1
, 5

, 1
0

N
N

E
—

—
N

N
E

C
yt

ok
in

e
T

G
F-

β1

T
re

at
m

en
t

A
ct

iv
at

io
n

C
B

D
 e

ff
ec

t

T
L

R
 3

Y
N

E

T
L

R
 7

Y
N

E

T
L

R
 8

Y
N

E

T
L

R
 9

Y
↓0

.5
, 1

Toxicology. Author manuscript; available in PMC 2022 December 01.


	Abstract
	Introduction
	Material and methods
	Chemicals and reagents
	Human leukocyte blood packs and monocyte purification
	Monocyte culture and treatment
	Quantifying monocyte cytokine production
	Statistical analysis

	Results
	Cell surface TLRs
	Intracellular TLRs

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.
	Table 1
	Table 2

