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26 Abstract

27  This study investigated the roles of cannabinoid receptors 1 and 2 (CB1R and CB2R) in

28 regulating host responses to Salmonella Typhimurium in C57BL/6 mice. The absence of both

29  receptors significantly impaired host resilience, as evidenced by increased weight loss,

30 deteriorated body condition, and reduced survival following infection. Notably, CB1R deficiency
31 resulted in more pronounced weight loss and heightened susceptibility to bacterial proliferation,
32  as demonstrated by increased Salmonella dissemination to organs. In addition, both CB1R and
33 CB2R knockout mice exhibited alterations in immune cell recruitment and cytokine production.

34 CB1R-KO mice displayed increased T cell and macrophage populations, whereas CB2R-KO

35 mice showed a reduction in NK cells, indicating receptor-specific effects on immune cell

36  mobilization. Cytokine profiling of macrophages post-infection revealed that CB1R-KO mice had
37 reduced IL-10 levels, along with increased IL-6 and TGF-[3, suggesting a dysregulated

38 polarization state that combines pro-inflammatory and regulatory elements. In contrast, CB2R-KO
39 mice exhibited a profile consistent with a more straightforward pro-inflammatory shift.

40 Furthermore, microbiota analysis demonstrated that CB2R-KO mice experienced significant gut
41  dysbiosis, including reduced levels of beneficial Lactobacillus and Bifidobacterium species and an
42 increase in pro-inflammatory Alistipes species post-infection. Functional microbiome analysis

43  further indicated declines in key metabolic pathways, such as the Bifidobacterium shunt, L-

44 glutamine biosynthesis, and L-lysine biosynthesis, suggesting microbiota-driven immune
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45 dysregulation. Together, these findings highlight the distinct, non-redundant roles of CB1R and
46 CB2R in modulating innate immunity, host defense, and microbiota composition during bacterial
47 infections.

48 Keywords: Cannabinoid receptors; Macrophage polarization; Salmonella infection; Immune
49 response; Host-pathogen interactions

50 Significance Statement

51  Understanding the role of cannabinoid receptors in immune regulation is important for identifying
52 new therapeutic targets for bacterial infections. Our study demonstrates that CB1R and CB2R

53 play distinct, non-redundant roles in host defense against Salmonella Typhimurium. The absence
54 of these receptors impairs host resilience, increases bacterial dissemination, and alters immune
55 cell recruitment and cytokine production. Notably, CB1R deficiency leads to enhanced weight

56 loss, increased bacterial spread, and a dysregulated macrophage cytokine profile—characterized
57 by reduced IL-10 and elevated IL-6 and TGF-f—while CB2R deficiency is associated with

58 reduced NK cell numbers and a more pronounced pro-inflammatory cytokine profile. These

59 findings reveal a receptor-specific balance in immune responses, suggesting that cannabinoid

60  signaling modulates infection outcomes. Targeting CB1R and CB2R pathways may offer novel
61  strategies to enhance host immunity and improve treatments for bacterial infections in the future.

62

63 Main Text

64

65 Introduction

66 Cannabis consumption is increasing in the U.S. for both recreational and medical purposes ', yet
67 its effects on infections remain inadequately understood. Cannabis contains over 113

68  cannabinoids (CBs), including Delta-9-tetrahydrocannabinol (THC), a partial agonist of the

69 cannabinoid type 1 receptor (CB1R) primarily in the central nervous system, and CB2R, which is
70  abundant in immune cells?. These medically relevant cannabinoids include Cannabidiol (CBD),
71 Nabiximol or Dronabinol. CBs interact with the endocannabinoid system (ECS), a

72 neuromodulatory network comprising CB receptors, their ligands, endocannabinoids (eCBs), and
73  the enzymes resp 1onsible for eCB synthesis and breakdown. The ECS functions through the
74 binding of eCBs/CBs to CB1R and CB2R receptors 3. Endogenous eCBs, including anandamide
75 (AEA) “and 2-arachidonoylglycerol (2-AG) %8, are bioactive lipids derived from polyunsaturated
76  fatty acids. Interestingly, the ECS has been shown to influence macrophage polarization.

77  Activation of CB2R predominantly promotes anti-inflammatory M2 macrophage polarization 7-'2,
78  while the roles of CB1R in macrophage polarization remain almost completely underexplored.
79 The underappreciation of CB4R's role in immune regulation highlights the importance of further
80  exploring its involvement. Given the diverse cellular pathways influenced by the ECS, its

81 involvement in the host response to bacterial infections is a topic of interest. Recent review has
82 highlighted the complexity of ECS's role in this context'3. Unfortunately, the assessment of CBs’
83  effects on bacterial infections has been confined to a very limited number of studies’#2, yielding
84 heterogeneous outcomes contingent on the infection model used. Some infection models show
85 improved outcomes with CB treatment?°, while others demonstrate immunosuppressive effects,
86 leading to decreased host resistance'92324, These variable outcomes emphasize the need for
87 further and context-dependent research.

88 Salmonella presents a unique challenge due to its intricate survival strategies within the host. Our
89  previous studies described Salmonella's influence on host lipid metabolism, including

90  eicosanoids?®-28, which serve as sources of eCBs. We have shown that Salmonella infection

91 reduces the activity of a/B-hydrolase domain 6 (ABHDG6) and fatty acid amide hydrolase (FAAH),
92 two key enzymes responsible for 2-arachidonoylglycerol (2-AG) degradation in macrophages 2°.
93  While 2-AG has been shown to enhance the phagocytosis of zymosan particles, its role in

94 Salmonella phagocytosis and intracellular survival remains unknown 2°. Further supporting a

95 potential antimicrobial function, elevated 2-AG levels in a murine model were shown to protect
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96 against gastrointestinal infections caused by Citrobacter rodentium 25, suggesting a direct role for
97  2-AG in countering bacterial virulence. However, the specific contributions of cannabinoid

98 receptors to host immune responses against Salmonella infection remain largely unknown,

99 necessitating further study.

100 In this study, we examined the roles of CB1R and CB2R signaling in modulating the host

101 response to Salmonella infection, aiming to uncover novel, cannabinoid receptor-mediated

102 mechanisms of innate immune regulation. Our findings highlight a role for the endocannabinoid
103 system not only in shaping the gut microbiome but also in orchestrating host innate immune
104 defenses against bacterial pathogens.

105

106 Results

107

108  Analysis of endocannabinoid pathway modulation in Salmonella-infected macrophages
109 Building on our previous observation that endocannabinoid hydrolases, including FAAH and

110  ABHDG, were downregulated at 18- and 24-hours post-infection (hpi) in macrophages infected
111 with Salmonella 27, we investigated whether the expression of endocannabinoid receptor genes,
112 cnr1 and cnr2 (encoding CB1R and CB2R proteins, respectively), followed a similar regulatory
113 pattern. To assess this, we examined Cnr1 and Cnr2 expressions in bone marrow-derived

114 macrophages (BMDMs) isolated from C57BL/6 mice and infected with Salmonella at a multiplicity
115 of infection (MOI) of 30. Our results revealed a significant downregulation of Cnr1 as early as 2
116 hpi, which persisted through 24 hpi (Fig. S1A), suggesting rapid suppression of CB1R signaling
117 as part of an early immune response. In contrast, Cnr2 expression remained stable across all
118  time points, indicating a distinct regulatory mechanism for CB2R in Salmonella-infected BMDMs
119 under these conditions (Fig. S1B). These findings highlight a potential role for CB1R in the host
120 response to Salmonella infection, while CB2R may be regulated through post-transcriptional or
121 post-translational mechanisms.

122

123 Cannabinoid receptors affect the recruitment of immune cells during infection.

124  Distinct expression patterns of Cnr1 and Cnr2 during Salmonella infection suggest that CB1R and
125 CB2R play different roles in macrophage responses. To assess their functional impact, we

126 examined immune cell recruitment in vivo using knockout (KO) mouse models. CB1R-KO, CB2R-
127 KO, and wild-type (WT) C57BL/6 mice were orally infected with Salmonella (7.5 x 10" CFUs) and
128 analyzed at 4 days post-infection (dpi). Flow cytometry revealed that CB2R-KO mice had a

129  significant reduction in natural killer (NK) cells (Fig. 1B), while T cell (CD3") and B cell

130 populations remained unchanged (Fig. 1C, D). In contrast, CB1R-KO mice exhibited an

131  increased percentage of T cells and a decreased percentage of B cells (Fig. 1C, D). Additionally,
132 CB11b*F4/80" macrophages were elevated in CB1R-KO mice but reduced in CB2R-KO mice
133 (Fig. 1E-G), whereas neutrophils followed the opposite trend. These findings demonstrate

134  distinct, receptor-specific roles for CB1R and CB2R in immune cell recruitment during Salmonella
135 infection.

136

137 Macrophage cytokine production and polarization in CB1R and CB2R KO mice

138 Given the observed differences in immune cell recruitment, we next evaluated cytokine

139 production and macrophage polarization in the spleens of Salmonella-infected mice (Fig. 2). Flow
140 cytometry analysis revealed that splenic macrophages from CB1R knockout (KO) mice produced
141  significantly less IL-10 (Fig. 2A) while simultaneously expressing higher levels of IL-6 (Fig. 2B)
142 and TGF-B (Fig. 2C) compared to wild-type controls. In contrast, macrophages from CB2R-KO
143 mice also showed reduced IL-10 production and elevated TGF-( levels (Fig. 2C), while their IL-6
144 levels remained unchanged. Notably, intracellular TNF-a levels were lower in CB1R-KO

145 macrophages and higher in CB2R-KO macrophages (Fig. 2D); however, these measurements
146  only reflect intracellular abundance rather than secreted cytokine levels. Furthermore, CB1R-KO
147 macrophages exhibited increased expression of the costimulatory marker CD86 (Fig. 2E) without
148  significant changes in CD206 expression. In contrast, CB2R-KO macrophages not only displayed
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149 higher CD86 levels (Fig. 2E) but also demonstrated a decrease in CD206 expression (Fig. 2F),
150 collectively indicating a shift toward a pro-inflammatory phenotype.

151

152 While both CB1R-KO and CB2R-KO macrophages show elements of a pro-inflammatory, M1-like
153 polarization, a closer look reveals distinctions between the two (Fig. 2G). Specifically, CB2R

154  deficiency results in a clear M1 profile with reduced IL-10, increased CD86, and decreased

155 CD206. In contrast, CB1R deficiency leads to a more complex or dysregulated state: despite

156 reduced IL-10 and increased CD86—features consistent with M1 polarization—the concomitant
157 elevation of both IL-6 and TGF-f3 suggests elements of an M2b-like phenotype. This mixed profile
158 may impair effective bacterial clearance despite the pro-inflammatory context.

159

160 Overall, the data suggest that CB1 and CB2 signaling help maintain a balanced, anti-

161 inflammatory (M2) state, and that the loss of either receptor skews macrophages toward a pro-
162 inflammatory phenotype. However, while CB2R deficiency produces a straightforward M1 shift,
163  CB1R deficiency results in a dysregulated polarization that combines aspects of both M1 and
164 M2b profiles.

165

166 Bacterial burden in cannabinoid receptor knockout mice and in vitro

167 To investigate the role of cannabinoid receptor signaling in host defense against Salmonella

168 infection, we assessed bacterial burden in CB1R-KO, CB2R-KO, and WT mice using a sepsis
169 model. Flow cytometry analysis revealed a significant increase in CD45* Salmonella* cells in the
170  spleens of CB1R-KO mice (Fig. 3A, B) and in all splenocytes (Fig. 3C), which correlated with
171 markedly higher bacterial loads in both the liver and spleen of CB1R-KO mice compared to WT
172 controls (Fig. 3C). These findings indicate that CB1R deficiency promotes bacterial

173 dissemination, leading to a more severe systemic infection. In contrast, CB2R-KO mice did not
174  exhibit a significant difference in bacterial burden compared to WT controls, suggesting that

175 CB1R plays a dominant role in controlling bacterial proliferation and organ dissemination in this
176  model. These results highlight the critical function of CB1R in host defense against Salmonella,
177 likely through its influence on immune cell activation and bacterial clearance mechanisms.

178

179 Next, to investigate how CB1R and CB2R deficiencies affect bacterial burden at the cellular level,
180  we conducted in vitro infections using BMDMs isolated from CB1R-KO, CB2R-KO, and WT mice.
181  Macrophages were infected with Salmonella for 2 or 24 hours, followed by quantification of

182 bacterial presence and total cell counts. DAPI staining was used to determine cell numbers, while
183 GFP fluorescence intensity, normalized to DAPI, was measured to assess bacterial association
184  within macrophages. At 2 hpi, both CB1R-KO and CB2R-KO macrophages exhibited slightly

185 lower bacterial association per cell compared to WT controls (Fig. S2A). However, by 24 hpi, this
186 trend reversed in CB1R-KO macrophages, where intracellular bacteria increased compared to
187  WT cells (Fig. S2B, C). This finding is consistent with the increased bacterial burden observed in
188  CB1R-KO mice. Cytokine analysis at 6 hpi revealed some change in inflammatory responses.
189  TNF-a levels were elevated in CB1R-KO macrophages but reduced in CB2R-KO cells, while IL-
190 10 was decreased in both KO groups relative to WT controls (Fig. S2D, E).

191

192  All these findings suggest that CB1R is a regulator of macrophage-mediated bacterial control and
193 systemic infection severity, pointing towards its putative role in host-pathogen interactions during
194 Salmonella infection. A heightened pro-inflammatory phenotype may initially be beneficial for
195 bacterial killing but can ultimately fail to control bacterial growth if not properly regulated, as

196 appears to be the case in CB1R-KO macrophages.

197

198 Host resilience and survival in CB1R and CB2R deficient mice

199  To assess the impact of CB1R and CB2R deficiencies on host resilience during Salmonella

200 infection, we conducted a Salmonella challenge study in CB1R-KO, CB2R-KO, and WT mice
201 including outputs such as weight loss monitoring, body condition scoring, serum cytokine

202 analysis, and survival tracking. Groups of mice were orally infected with Salmonella Typhimurium
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203 (7.5 x 107 CFUs) and monitored for one-week post-infection. Body weight and condition scores
204  were recorded daily, while serum cytokine levels were measured to assess inflammatory

205 responses. Survival rates were tracked for up to four days post-infection to determine overall
206 susceptibility. WT mice exhibited only a moderate decline in body weight and maintained

207 relatively stable body condition scores throughout the infection period (Fig. 4A, B). In contrast,
208  both CB1R-KO and CB2R-KO mice suffered significant weight loss and exhibited a notable

209  decline in body condition, indicating increased susceptibility to infection-induced cachexia (Fig.
210  4C, D). Serum cytokine analysis revealed key differences in systemic inflammation. CB1R-KO
211 mice displayed significantly elevated IL-1p and TNF-a levels compared to WT and CB2R-KO
212 mice (Fig. 4E, F), suggesting a heightened systemic inflammatory response. This excessive

213 inflammation likely contributes to the increased severity of infection observed in CB1R-KO mice.
214  While CB2R-KO mice also showed elevated TNF-a levels, the increase was less pronounced,
215  suggesting a distinct role for CB1R in modulating inflammatory responses. Survival analysis

216  demonstrated the protective role of CB1R in host defense. WT mice had the highest survival rate
217 (~80%) over the 4-day post-infection period, whereas both CB1R-KO and CB2R-KO mice

218 showed significantly reduced survival, with CB1R-KO mice exhibiting the most severe

219  vulnerability in this systemic model of Salmonella infection (Fig. 4G).

220

221 Host microbiome alterations in CB2R mice during infection

222 Although our study primarily focused on the role of CB1R and CB2R in immune responses during
223 Salmonella infection, we observed that CB2R-KO mice exhibited worse infection outcomes

224  despite showing no significant differences in bacterial dissemination to organs or intracellular
225 bacterial burden in macrophages. This unexpected finding led us to explore potential alternative
226  factors that could contribute to the heightened susceptibility of CB2R-KO mice. Given the well-
227 established role of the gut microbiome in shaping immune responses 2 and host defense

228  mechanisms against Salmonella 335, we hypothesized that CB2R deficiency may alter gut

229 microbial composition in a way that may influence susceptibility to infection. The

230 endocannabinoids are known to regulate gut homeostasis and microbiome3®¢, making it plausible
231 that loss of CB2R could drive specific microbiome alterations that contribute to immune

232 dysregulation or nutritional landscape. To investigate this possibility, we performed a comparative
233 microbiome analysis in CB2R-KO and WT mice, assessing microbial diversity and composition
234 before and after Salmonella infection. The analysis revealed distinct differences in microbiome
235 composition between the two groups, although no significant differences were observed in overall
236  diversity (Shannon diversity index, p=0.32) (Fig. 5A). Notably, the abundance of beneficial gut
237 bacteria, including Lactobacillus acidophilus, L. intestinalis, L. gasseri, L. crispatus, and

238  Bifidobacterium animalis, was significantly reduced in CB2R-KO mice compared to WT controls
239 (Fig. 5B). These species are known to promote gut barrier integrity, enhance anti-inflammatory
240 responses, and contribute to pathogen resistance. Conversely, CB2R-KO mice exhibited a

241 significant enrichment of Alistipes species (A. humii, A. finegoldii, A. onderdonkii), which have
242 been associated with both beneficial and pro-inflammatory effects, metabolic dysfunction, and
243 colorectal cancer (Fig. 5C). During infection, pathway enrichment analysis revealed a marked
244  downregulation of key metabolic pathways in CB2R-KO mice, including the Bifidobacterium

245 shunt, L-glutamine biosynthesis Ill, and L-lysine biosynthesis Il, while the preQ0 biosynthesis
246 pathway was also significantly decreased compared to wild-type animals (Fig. 6). These findings
247  indicate that CB2R deficiency reshapes the gut microbiota during Salmonella infection, potentially
248 increasing host susceptibility. Further studies should determine how these microbial shifts impair
249 immune defense against Salmonella in CB2R-KO mice.

250

251 Discussion

252 Successful defense against Salmonella infection requires a finely tuned immune response—

253 excessive inflammation can lead to host tissue damage, while an insufficient response permits
254 bacterial survival and dissemination 3. Our study demonstrates that CB1R and CB2R serve

255 distinct and non-redundant roles in regulating host innate immunity and resilience to Salmonella
256 infection. The absence of either receptor results in immune dysregulation and worsened infection
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257  outcomes through different mechanisms: CB1R deficiency drives excessive inflammation and
258  weight loss in infected animals, whereas CB2R deficiency disrupts immune homeostasis and
259  induces functional microbiota alterations that may exacerbate infection susceptibility.

260

261 CB1R: a double-edged sword in host defense

262  CB1R has been extensively characterized in the central nervous system (CNS)383°, but it also
263 modulates immune cells such as macrophages . Its activation by A9-THC, the psychoactive
264  component of Cannabis sativa 4! 42, or endogenous ligands such as AEA and 2-AG 43,

265  Mechanistically, CB1R activation suppresses adenylate cyclase activity 4446 and can regulate
266 calcium and potassium channels 47, influencing both phagocytic capacity “° and cytokine output
267 48, Although CB1R can promote an inflammatory response under certain conditions 4%, it can
268  also limit excessive inflammation, as evidenced by the effects of agonists like WIN 55212—2 on
269  reducing cytokine production and inflammasome activation 12 51.52,

270

271 In our study, CB1R deficiency resulted in increased systemic inflammation, pronounced weight
272 loss, and reduced survival in Salmonella-infected mice. Despite this heightened inflammatory
273 backdrop, CB1R-KO macrophages also exhibited a mixed or “M2b-like” phenotype, marked by
274 elevated TGF-B and IL-6 alongside reduced IL-10. This pattern is consistent with M2b

275 macrophages, which can produce both pro-inflammatory (e.g., IL-6, TNF-a) and anti-inflammatory
276 (e.g., IL-10) mediators53. However, in our CB1R-KO cells, IL-10 levels were paradoxically lower,
277  suggesting a dysregulated M2b-like state in which certain anti-inflammatory mechanisms (IL-10)
278 are diminished, yet TGF-f is high enough to suppress effective antimicrobial functions (e.g., NO
279  production via iINOS) 54. This apparent contradiction—simultaneous hyperinflammation at the
280  systemic level but reduced IL-10 and increased TGF-§ at the cellular level—can be explained by
281  the functionally wide-ranging nature of M2b macrophages, which can drive persistent, low-level
282  inflammation while also impairing pathogen clearance 535556 Indeed, Salmonella has been

283 shown to exploit M2-like phenotypes to establish chronic infections, leveraging changes in lipid
284 metabolism and membrane trafficking %3. Our findings thus suggest that CB1R normally helps
285 orchestrate a more balanced macrophage response: in its absence, macrophages become

286 skewed toward a dysfunctional M2b-like state that fails to eradicate bacteria effectively and

287 contributes to overall immune dysregulation. Thus, CB1R signaling plays a dual role in infection
288 control, both promoting bacterial clearance and preventing excessive inflammation. Its absence
289 skews macrophage polarization in a way that favors Salmonella persistence, identifying CB1R as
290  a potential target for immunomodulatory therapies.

291

292 In addition to modulating macrophage responses, our data suggest that CB1R deficiency may
293 also significantly impair hil recruitment to infected tissues. Although evidence is limited, previous
294 studies have linked CB1R to neutrophil chemotaxis. For instance, activation of CB1R with the
295 agonist ACEA was found to promote neutrophil chemotaxis—a response that can be inhibited by
296  the CB1R antagonist AM281 57, In CB1R-KO mice, the marked reduction of neutrophils in

297 affected tissues indicates that impaired chemotaxis or adhesion may be a key contributor to the
298 observed phenotype. This finding points to an alternative mechanism by which CB1R signaling
299 enhances host defense—not only by modulating macrophage polarization, which could be

300 secondary effect, but also by facilitating effective neutrophil trafficking. Further investigation into
301 the chemokines, adhesion molecules, and signaling pathways driving neutrophil recruitment at
302  specific time points in CB1R-deficient genotype is warranted.

303

304 CB2R deficiency disrupts immune homeostasis and the gut microbiota

305 CB2R-KO mice exhibited a hyperinflammatory M1a-like macrophage phenotype, marked by
306 increased IL-6 levels and a significant reduction in IL-10. Unlike CB1R-KO mice, CB2R-KO

307 macrophages did not show elevated TGF-f3, indicating a lack of compensatory

308 immunosuppression. This reinforces CB2R’s established role in curbing excessive immune

309 activation and promoting an M2 phenotype 89111220 Additionally, CB2R-KO mice showed

310 increased neutrophil recruitment, yet this did not enhance bacterial clearance. Instead, excessive
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311 neutrophil infiltration likely contributed to tissue damage rather than effective pathogen control,
312 supporting CB2R’s function as a negative regulator of neutrophil-driven inflammation?°.

313 Despite no significant differences in bacterial dissemination to organs, CB2R-KO mice exhibited
314  worse infection outcomes, prompting an investigation into alternative contributors to disease
315 severity. Microbiome analysis revealed significant alterations in gut bacterial composition in

316 CB2R-KO mice. Notably, beneficial Limosilactobacillus reuteri, Lactobacillus acidophilus, L.

317  intestinalis, L. brevis, and Bifidobacterium animalis, which support gut barrier integrity % and
318  production of anti-inflammatory cytokines 28 %9, were significantly reduced in CB2R-KO mice after
319 infection. The loss of these protective microbes may compromise gut homeostasis, heightening
320 inflammation and impairing immune tolerance. Conversely, Alistipes finegoldii, A. onderdonkii,
321 and Alistipes megaguti were significantly enriched in CB2R-KO mice. While Alistipes species
322 have been associated with beneficial effects in some diseases, they have also been linked to
323  heightened inflammation, metabolic dysfunction, and colorectal cancer 80-62,

324  Functional microbiome analysis revealed a downregulation of key metabolic pathways, including
325 Bifidobacterium shunt activity and amino acid biosynthesis, further supporting the role of CB2R in
326 shaping microbial functional capacity and its potential impact on immune responses.

327  Bifidobacterium species and their metabolic products, particularly short-chain fatty acids (SCFAs),
328 are well-documented immunomodulators that enhance gut barrier integrity and pathogen

329 resistance. The Bifidobacterium shunt, a crucial metabolic pathway for SCFA production from

330 oligosaccharides 83, is notably depleted in dysbiotic conditions 6485, Similarly, reduced

331 biosynthesis of L-glutamine €, which is essential for epithelial repair, suggests a potential

332 mechanism for impaired mucosal defenses in CB2R-KO mice. Additionally, lysine has been

333  shown to alleviate DSS-induced colitis by reducing inflammation, strengthening the intestinal

334 barrier, and modulating immune cell populations—specifically increasing CD103+ dendritic cells
335 (DCs) and regulatory T cells (Tregs) while decreasing Th1/Th2/Th17 cells 7. The observed

336 reduction in L-lysine levels in CB2R-KO mice may contribute to a diminished protective and anti-
337 inflammatory environment, further linking CB2R signaling to immune regulation through microbial-
338 derived metabolites.

339 Collectively, these findings indicate that CB2R signaling contributes to gut microbiome stability
340  during Salmonella infection, and its absence is associated with microbial dysbiosis and altered
341 immune responses. Further investigation is needed to determine whether specific microbial shifts
342 contribute to the heightened disease severity observed in CB2R-KO mice

343

344 Possible therapeutic implications and conclusion

345 The distinct roles of CB1R and CB2R in regulating immune responses, inflammation, and gut

346 microbiome composition present promising opportunities for therapeutic intervention. Modulating
347 these pathways could potentially provide supporting strategies to improve infection outcomes.
348

349 For example, enhancing CB1R activity may help mitigate excessive inflammation, minimize tissue
350 damage, and improve survival during Salmonella infection. However, our findings indicate that
351 CB1R deficiency not only exacerbates systemic inflammation but also impairs bacterial clearance
352 by skewing macrophages toward a dysregulated polarization state that combines M1-like features
353 with an M2b-like profile, and by reducing neutrophil recruitment. Thus, therapeutic strategies

354 targeting CB1R must carefully balance immune suppression to avoid creating a permissive

355 environment for pathogen persistence. Notably, prior studies have demonstrated context-

356  dependent effects of CB1R modulation—A9-THC, a CB1R agonist, has been shown to influence
357  cytokine production in Legionella pneumophila infection by increasing TNF-a and IL-6 levels 23
358  while CB1R blockade with the antagonist SR141716A enhanced macrophage antimicrobial

359 activity in Brucella suis infection?'. Conversely, CB2R activation appears to be more directly

360 linked to restoring immune homeostasis, particularly in settings where excessive inflammation
361 contributes to immunopathology. Our data show that CB2R deficiency leads to gut microbiome
362 dysbiosis and a more straightforward M1-like pro-inflammatory macrophage phenotype, with
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363 reduced IL-10, increased CD86, and diminished CD206 expression. These observations suggest
364  that CB2R-targeted therapies could help maintain microbiota-mediated protective mechanisms
365 and mitigate infection-induced dysregulation. Consistent with this view, previous studies have
366 shown that activation of CB2R by compounds such as JWH133 reduces neutrophil recruitment,
367 NF-kB signaling, and NLRP3 inflammasome activation 2°, supporting its role in preventing

368 excessive immune activation.

369

370  Conclusions

371 Our study reveals distinct yet complementary roles of CB1R and CB2R in immune regulation and
372 host-pathogen interactions during Salmonella infection. CB1R modulates both the inflammatory
373 response and macrophage polarization, while CB2R plays a key role in maintaining immune

374 homeostasis and gut microbiota balance. The absence of either receptor leads to immune

375  dysregulation, microbial shifts, and worsened infection outcomes. These findings underscore the
376 potential of cannabinoid receptor signaling as a novel factor in host defense and suggest that
377  targeting CB1R and CB2R—potentially in combination with microbiome-based interventions—
378 could offer innovative therapeutic strategies against bacterial infections.

379

380 Materials and Methods

381

382 Bacterial strains

383 Salmonella enterica serovar Typhimurium strain 12023 was used for murine studies and

384 Salmonella Typhimurium strain UK-1 was used for cell infections. For murine studies, the bacteria
385  were cultured in Luria-Bertani (LB) Lennox broth at 37°C with shaking until they reached mid-log
386 growth [ODggo nm = 0.75]. For cell culture infections, the bacteria were cultured in LB Lennox

387 broth at 37°C with shaking until they reached ODgyo nm = 0.5. Bacteria were then harvested,

388  washed with phosphate-buffered saline (PBS), and resuspended in PBS to the appropriate

389 concentration for infection.

390 Animals

391  CB1 receptor knockout (CB1R-KO) and CB2 receptor knockout (CB2R-KO) mice on a C57BL/6
392 background were used for all experiments. Mice were housed under specific pathogen-free

393 conditions with ad libitum access to food and water. All procedures were approved by the

394 Institutional Animal Care and Use Committee (IACUC) at the University of Florida and conducted
395 in accordance with relevant guidelines.

396 Salmonella infection in mice

397 Male and female C57BL/6 mice (8—12 weeks old) from the holding colony were randomly

398 assigned to infection groups. When possible, littermate controls were used to minimize

399  microbiota-related variations in Salmonella colonization. Mice were orally infected with

400 Salmonella Typhimurium (7.5 x 10A7 CFU) in 50 yL PBS using a gavage needle, while control
401 mice received PBS alone. Infections were monitored for four days post-infection.

402 Mice were observed daily for clinical signs of infection, including weight loss and body condition,
403 using a standardized scoring system. Weight and body scores were recorded daily for up to 14
404  days post-infection. To assess survival, mice were monitored for 14 days post-infection. Survival
405 rates were recorded daily. Mice were euthanized if they exhibited severe clinical symptoms, in
406 accordance with IACUC guidelines. Survival curves were generated using the Kaplan-Meier
407  method, and statistical significance was determined using the log-rank (Mantel-Cox) test.

408 For experiments requiring tissue analysis, mice were euthanized at four days post-infection, and
409 liver and spleen tissues were aseptically collected. Tissues were homogenized in sterile PBS
410 using a TissueLyser LT (Qiagen), and serial dilutions were plated on LB agar. After 24 hours of
411  incubation at 37°C, CFUs were counted to quantify bacterial load in each organ.

412
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413 Flow cytometry

414  Spleens were collected from both infected and control mice, and single-cell suspensions were
415 prepared by mechanically dissociating the tissues through a 70 um cell strainer. Red blood cells
416  were lysed using RBC Lysis Buffer (Invitrogen), and the remaining cells were incubated with a
417  Live/Dead viability dye (Zombie Aqua) at 4°C for 15 minutes. After washing with FACS buffer
418  (PBS containing 1% BSA), the cells were treated with Fc Block (TruStain fcX anti-mouse

419  CD16/32, BioLegend) for 5 minutes to minimize non-specific binding. Surface marker staining
420 was performed by incubating the cells with an antibody cocktail targeting specific surface markers
421 at 4°C for 30 minutes. Following another wash with FACS buffer, cells were fixed with

422 Cytofix/Cytoperm solution (BD Biosciences) for 15 minutes. Fixed cells were washed twice with
423 Perm/Wash buffer (BD Biosciences) before staining for intracellular markers. Flow cytometric
424  data were acquired using the CytoFLEX flow cytometer (Beckman Coulter) and analyzed using
425 FlowdJo software (Tree Star, Inc.).

426 Flow cytometry was then used to characterize immune cell populations and their functional states
427 in spleens from infected and control mice using multiple staining panels. For the identification of
428 lymphoid and myeloid cell populations, single-cell suspensions were stained with CD45 (Pacific
429  Blue, Cat# 157212) as a leukocyte marker, Zombie Aqua (Cat#77143) for viability, CD3

430  (PerCP/Cy5.5, Cat# 100217) for T cells, CD19 (APC/Fire750, Cat# 115557) for B cells, CD11b
431 (Alexa Fluor 647, Cat# 101218) for myeloid cells, NK1.1 (Alexa Fluor 700, Cat# 156511) for
432 natural killer (NK) cells, F4/80 (PE, Cat# 123109) for macrophages, and Ly6G (Alexa Fluor 488,
433 Cat# 127625) for neutrophils. A second panel was used to evaluate the activation and

434 polarization of myeloid cells, incorporating CD86 (Pacific Blue, Cat# 105021) as an activation
435 marker for antigen-presenting cells and CD206 (Alexa Fluor 700, Cat# 141733) for M2

436 macrophages, alongside the same markers for other immune subsets. A separate panel was
437  designed to detect intracellular Salmonella, using CD45 and CD11b to gate on leukocytes and
438 myeloid cells, F4/80 to identify macrophages, and a FITC-conjugated Salmonella-specific

439 antibody (Invitrogen, Ref # PA1-73020) to detect intracellular bacteria. Cytokine production was
440  assessed using a panel that included IL-6 (PE, Cat# 504504) as pro-inflammatory markers, and
441 IL-10 (Alexa Fluor 488, Cat# 505013) and TGF-B1 (PerCP/Cy5.5, Cat# 141410) as anti-

442 inflammatory markers, in addition to CD45, CD11b, and F4/80 to identify macrophages. All

443 antibodies were purchased from BioLegend, except for the Salmonella-specific antibody

444 (Invitrogen).

445 Cytokine measurements

446  Blood was collected from both infected and control mice at the indicated time points via

447  saphenous vein bleeding. Blood samples were centrifugation at 10,000 x g for 10 minutes at 4°C
448  to separate the serum. The samples were then stored in -20C until further use. The levels of TNF-
449  aand IL-1B in the serum were quantified using specific ELISA kits (R&D Biosystems) according
450 to the manufacturer’s instructions.

451 BMDM cell culture and infection

452 Bone marrow-derived macrophages (BMDMs) were generated from mesenchymal stem cells
453 isolated from the hindlimbs of wild-type C57BL/6 mice. Cells were cultured in RPMI 1640

454  supplemented with macrophage colony-stimulating factor (M-CSF) (25 ng/ml) to promote

455 differentiation into macrophages. The culture medium, including M-CSF, was refreshed every
456 three days, and BMDMs were considered mature on day 7. For infections, BMDMs were seeded
457 at 6 x 10° cells per well in 12-well plates and allowed to adhere for 24 hours before infection.
458  Salmonella enterica serovar Typhimurium strain UK-1 was grown overnight in Lennox LB broth
459 (16 hours, 37°C, shaking). A subculture was established in fresh Lennox LB broth (25 mL) and
460  grown to an optical density (OD600) of 0.5 to ensure bacteria were in the mid-logarithmic growth
461 phase. BMDMs were infected with Salmonella at MOI of 10 in incomplete RPMI 1640 for 1 hour.
462 Following infection, cells were washed with PBS and incubated in RPMI supplemented with

463  gentamicin (100 pg/mL) for 1 hour to eliminate extracellular bacteria. The medium was then
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464 replaced with RPMI containing gentamicin (25 pug/mL), and cells were incubated until designated
465 time points. Cell pellets were stored in RNAlater for downstream analyses.

466  Microbiome analysis

467 Mice were placed in sterile containers for stool collection, which was performed the day before
468 infection (baseline) and four days post-infection. Stool samples were collected using sterile tools
469 and immediately transferred into sterile Transnetyx tubes containing DNA stabilization buffer.
470 Samples were temporarily stored at 4°C before being shipped under controlled conditions to
471 Transnetyx for processing the following day. Microbiota profiling was conducted using shallow
472 shotgun whole-genome sequencing on an /llumina platform (1%x150 bp). Raw sequencing reads
473 were processed to remove low-quality sequences (expected error >0.5) and fragments shorter
474  than 150 bp using Vsearch®8, High-quality sequences were then taxonomically classified using
475 Kraken 2 89 with the standard database. The resulting contingency table was converted into a
476  phyloseq object for downstream analyses 7°. To ensure uniform sequencing depth across

477 samples, data were rarefied to a minimum library size of 1,609,000 reads per sample. Alpha
478  diversity metrics were calculated using the microbiome package in R. Boxplots summarizing
479 alpha diversity distributions were generated using ggplot2 77, and statistical significance was
480 assessed using the Kruskal-Wallis test from base R. Differential abundance analysis was

481 performed using the ALDEX2 package 2. Sequence files were processed to remove low-quality
482 sequences (expected error >0.5) and sequences smaller than 150bp using Vsearch. The

483 remaining high-quality sequences were classified using Kraken 2 and the standard database. The
484 resulting contingency table was converted into a phyloseq object for downstream analyses. Data
485  were rarefied by the minimum library size of 1,609,000 per sample. Alpha diversity was measured
486 by using the rarefied dataset with the microbiome package. Boxplots summarizing the alpha
487  diversity distribution were plotted by using ggplot2 R package. The significance of numerical
488 evaluations of alpha diversity was tested with the Kruskal-Wallis from base R. The ALDEx2

489  package was used to calculate differential abundance. Functional microbiome analysis was

490 conducted with HUMANN 3.0 to identify shifts in metabolic pathways 73.

491  gPCR analysis

492  Cells were collected via cell scraping, resuspended in RNAlater (Thermo Fisher Scientific), and
493  stored at —20°C until further processing. Total RNA was extracted from cell pellets using the
494 RNeasy Mini Kit (Qiagen), following the manufacturer’s instructions. RNA concentration and
495 purity were assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific).

496 Complementary DNA (cDNA) was synthesized from 1 ug of total RNA using the iScript Reverse
497  Transcription Supermix for RT-gPCR (Bio-Rad). Quantitative real-time PCR (RT-qPCR) was
498 performed using SsoAdvanced Universal SYBR Green Supermix (Bio-RadX) on a CFX96 Real-
499  Time System (Biorad). Primer sequences for Cnr1 (Cat #10025636) and Cnr2 (Cat #10041595)
500  were obtained from the PrimePCR SYBR Green Assay (Bio-Rad). Melt-curve analysis was

501 conducted to verify primer specificity and amplification efficiency. Relative gene expression was
502 calculated using the AACt method, with B-actin as the internal reference control.

503 Statistical analysis

504 Data are presented as mean + SEM. Statistical significance between groups was evaluated using
505 Student's t-test or one-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons,
506 as appropriate. A p-value of <0.05 was considered statistically significant.

507
508 Data Availability Statement

509  All data generated or analyzed during this study are included in the manuscript and its supporting
510 information files.

511
512
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Figures

Figure 1: Roles of CB1R and CB2R deficiencies in modulating host resilience and survival
against Salmonella Typhimurium infection in C57BL/6 mice. (A) Experimental setup
illustrating the oral infection of wild-type (WT), CB1 receptor knockout (CB1R-KO), and CB2
receptor knockout (CB2R-KO) C57BL/6 mice with 7.5 x 107 CFUs of Salmonella Typhimurium.
(B—F) Flow cytometry analysis of various immune cell subsets in the spleens of these mice post-
infection, showing variations in the innate immune response across the three genotypes.
Quantified cell populations include NK cells (B), CD3+ T cells (C), B cells (D), macrophages (E),
and neutrophils (F). One-way ANOVA was used for statistical analysis. Statistical significance is
denoted by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. (G) Comparison of
macrophage and neutrophil populations across WT, CB1R-KO, and CB2R-KO genotypes.

Figure 2. Cytokine expression in splenic macrophages in CB1R and CB2R knockout mice
post-infection with Salmonella Typhimurium. Flow cytometry was used to quantify cytokine
production in splenic macrophages (CD45*CD11b*F4/80*) from wild-type (WT), CB1 receptor
knockout (CB1R-KO), and CB2 receptor knockout (CB2R-KQO) C57BL/6 mice, 4 days post-
infection with Salmonella Typhimurium. The following markers were analyzed: (A) IL-10, (B) IL-6,
(C) TGF-B, (D) CD86, (E) TNF-a, and (F) CD206. Each bar graph represents the mean
percentage + SEM, with individual data points for each mouse. Statistical analyses were
performed using one-way ANOVA to compare cytokine and marker expression levels between
WT, CB1R-KO, and CB2R-KO groups. Statistical significance is denoted by asterisks: *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001. (G) Graphical summary of M1/M2 macrophage
polarization markers in CB1R-KO and CB2R-KO splenic macrophages post-Salmonella infection,
highlighting the receptor-specific shifts in immune phenotypes.

Figure 3. Influence of cannabinoid receptors on Salmonella Typhimurium dissemination in
C57BL/6 mice. (A-C) Flow cytometry analysis of splenic cells from C57BL/6 mice infected with
Salmonella Typhimurium, distinguishing CD45+ Salmonella+ cells to assess bacterial
dissemination. (A) presents data from CD45+ cells, while (B) expands the analysis to all live
cells, mapping the systemic spread of Salmonella in CB1R and CB2R knockout (CB1R-KO and
CB2R-KO) mice compared to controls. (D) Colony-forming unit (CFU) plating of liver and spleen
tissues from infected mice to quantify viable Salmonella loads. One-way ANOVA was used for
statistical analysis. Statistical significance is indicated by asterisks: *p < 0.05, ****p < 0.0001.

Figure 4. Impact of CB1R and CB2R Knockout on Salmonella Infection Outcomes in Mice.
(A) Body weight loss in wild-type (WT), CB1R knockout (CB1R-KO), and CB2R knockout (CB2R-
KO) mice at 4 days post-infection (DPI) with Salmonella Typhimurium. (B) Body condition scores
in WT, CB1R-KO, and CB2R-KO mice at 1, 2, 3, and 4 DPI. (C) Body condition scores in WT,
CB1R-KO, and CB2R-KO mice at 4 DPI. (D) Serum IL-1pB levels in WT, CB1R-KO, and CB2R-KO
mice at 4 DPI. (E) Serum TNF-a levels in WT, CB1R-KO, and CB2R-KO mice at 4 DPI. (F)
Kaplan-Meier survival curves for WT, CB1R-KO, and CB2R-KO mice over 4 DPI. *Data are
presented as mean + SEM. For panels (A), (C), (D), and (E), one-way ANOVA was used for
statistical analysis. Statistical significance is indicated as follows: *p < 0.05, **p < 0.01.

Figure 5. Gut microbiome alterations in CB2R-KO mice during Salmonella infection. (A)
Alpha diversity of the gut microbiota in CB2R knockout (CB2R-KO) and wild-type (WT) mice at
baseline (pre-infection) and 4 days post-infection (dpi) with Salmonella Typhimurium. Alpha
diversity was assessed using the Shannon diversity index. The Kruskal-Wallis test was performed
for significance test. (B-C) Differential abundance analysis of microbial taxa 4 days post-infection.
Blue bars indicate taxa enriched in WT; red bars indicate enrichment in CB2R-KO. Circle size
represents -log10(p-value).
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Figure 6. Functional microbiome analysis of CB2R-KO vs. WT mice post-infection. (A). The
volcano plot displays differentially abundant metabolic pathways, with red indicating pathways
enriched in WT and blue in CB2R-KO. (B) Bar plots highlight significantly altered pathways,
including downregulation of Bifidobacterium shunt activity, L-glutamine, and L-lysine biosynthesis
in CB2R-KO mice. Circle size reflects -log10(p-value).
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