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Abstract  45 

 46 

Regulator of G-protein signaling 10 (RGS10), a key homeostatic regulator of immune 47 

cells, has been implicated in multiple diseases associated with aging and chronic inflammation 48 

including Parkinson’s Disease (PD). Interestingly, subjects with idiopathic PD display reduced 49 

levels of RGS10 in subsets of peripheral immune cells. Additionally, individuals with PD have 50 

been shown to have increased activated peripheral immune cells in cerebral spinal fluid (CSF) 51 

compared to age-matched healthy controls. However, it is unknown whether CSF-resident 52 

peripheral immune cells in individuals with PD also exhibit decreased levels of RGS10. 53 

Therefore, we performed an analysis of RGS10 levels in the proteomic database of the CSF from 54 

the Michael J. Fox Foundation Parkinson’s Progression Markers Initiative (PPMI) study. We 55 

found that RGS10 levels are decreased in the CSF of individuals with PD compared to healthy 56 

controls and prodromal individuals. Moreover, we find that RGS10 levels decrease with age but 57 

not PD progression and that males have less RGS10 than females in PD. Importantly, studies 58 

have established an association between chronic systemic inflammation (CSI) and 59 

neurodegenerative diseases, such as PD, and known sources of CSI have been identified as risk 60 

factors for developing PD; however, the role of peripheral immune cell dysregulation in this 61 

process has been underexplored. As RGS10 levels are decreased in the CSF and circulating 62 

peripheral immune cells of individuals with PD, we hypothesized that RGS10 regulates 63 

peripheral immune cell responses to CSI prior to the onset of neurodegeneration. To test this, 64 

we induced CSI for 6 weeks in C57BL6/J mice and RGS10 KO mice to assess circulating and CNS-65 

associated peripheral immune cell responses. We found that RGS10 deficiency synergizes with 66 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 29, 2024. ; https://doi.org/10.1101/2024.10.24.620078doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.24.620078
http://creativecommons.org/licenses/by-nc-nd/4.0/


CSI to induce a bias for inflammatory and cytotoxic cell populations, a reduction in antigen 67 

presentation in peripheral blood immune cells, as well as in and around the brain that is most 68 

notable in males. These results highlight RGS10 as an important regulator of the systemic 69 

immune response to CSI and implicate RGS10 as a potential contributor to the development of 70 

immune dysregulation in PD.     71 

 72 

Keywords 73 

Regulator of G Protein Signaling 10 (RGS10), Chronic Systemic Inflammation, Immune 74 

Dysregulation, Neuroinflammation, Neurodegenerative Diseases, Parkinson’s Disease 75 

 76 

Background 77 

 78 

Parkinson’s disease (PD) is the second most common neurogenerative disease, 79 

characterized by the progressive loss of dopaminergic neurons in the substantia nigra. PD 80 

impacts many systems in the body as evidenced by the development of disordered movement, 81 

autonomic dysfunction, affective disorders, and cognitive impairment [1, 2]. There is currently 82 

no cure for PD and therapeutic options are limited to symptomatic relief, highlighting the 83 

crucial need for further research into disease physiology and novel treatment development 84 

[3]. The clinical relevance of the immune system in PD has become distinctly evident over the 85 

past three decades, starting with the identification of neuroinflammation in the brains of PD 86 

patients [4-7]. Further investigation has revealed growing evidence that the central and 87 

peripheral immune systems contribute to the pathophysiology of PD [8-10]. Specifically, in PD 88 
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clinical data have revealed a plethora of peripheral immune alterations, such as an increase of 89 

pro-inflammatory cytokines and pro-inflammatory immune cell subsets in circulation and 90 

cerebral spinal fluid (CSF) and a rise in central nervous system (CNS)-infiltrating peripheral 91 

immune cells [9, 11-14].  92 

 93 

Importantly, the CSF acts as an important niche of peripheral immune cells endogenous 94 

to the CNS [15, 16]. Peripheral immune cells within the in the CSF live within the subarachnoid 95 

space in the meninges, separated from the brain parenchyma by the pia mater [17]. The 96 

meninges can support a robust inflammatory response capable of spreading to the parenchyma 97 

via either direct infiltration of immune cells or through size exclusionary permeability of 98 

cytokines [17].  Under healthy conditions, a sample of CSF contains very few peripheral immune 99 

cells, however a recent study has demonstrated an increase in activated peripheral immune 100 

cells in the CSF of individuals with PD compared to healthy controls [14]. The shift to CSI and 101 

the corresponding peripheral immune cell population dynamic changes in the CNS may 102 

represent an early feature in PD capable of inducing neuroinflammatory conditions adept at 103 

initiating neurodegeneration[18-21].    104 

 105 

Regulator of G-protein signaling 10 (RGS10) is a key homeostatic regulator of immune 106 

cells and has been identified to negatively regulate inflammatory responses through several 107 

pathways such as suppression of nuclear factor kappa-light-chain-enhancer of activated B cells 108 

(NF-κB) activity, stromal interaction molecule 2, and glycolytic production of reactive oxygen 109 

species (ROS) in myeloid cells[22-28]. Consistently, RGS10 is most highly expressed in immune 110 
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cells and lymphoid tissue, and this is especially true of myeloid cells[29, 30]. Studies have 111 

consistently shown that loss of RGS10 in myeloid cells results in hyperinflammatory conditions 112 

which can increase tissue damage[31-34]. Moreover, RGS10 is reciprocally regulated by 113 

inflammatory signaling cascades that stimulate histone deacetylation and epigenetically reduce 114 

RGS10 at the transcriptional level[35]. Therefore, we hypothesize that chronic systemic 115 

inflammation (CSI) reduces RGS10-mediated suppression of pro-inflammatory responses by the 116 

innate immune system perpetuating a feed forward loop of increasing and sustained 117 

inflammation in the periphery.   118 

 119 

Notably, RGS10 has been implicated in multiple diseases associated with aging and 120 

chronic inflammation including PD[36]. Preclinical studies have revealed that a neuroprotective 121 

role of RGS10 in chronic inflammation and nigrostriatal neurodegeneration[22, 23, 37]. 122 

Specifically, RGS10 deficiency coupled with CSI was sufficient to induce loss of nigral 123 

dopaminergic neurons, while introduction of RGS10 into the brain of a hemi-parkinsonian rat 124 

model was sufficient to prevent the loss of nigral dopaminergic neurons and 125 

neuroinflammation[22, 37]. Moreover, there is evidence that RGS10 deficiency can shift 126 

peripheral immune cell dynamics in the CNS in experimental autoimmune encephalomyelitis 127 

(EAE) and subthreshold PD models[23, 38]. This is especially relevant, considering the 128 

documented decrease in RGS10 levels in subsets of circulating peripheral immune cells, 129 

including non-classical and intermediate monocytes as well as CD4+ T cells, in individuals with 130 

PD[39]. To understand if peripheral immune cells in the CNS also show a decrease in RGS10 and 131 

may therefore impact the induction of neuroinflammation, we investigated the protein level of 132 
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RGS10 in the CSF of healthy controls, prodromal individuals with increased risk of developing 133 

PD, and individuals with diagnosed PD in the Michael J. Fox Foundation for Parkinson’s 134 

Research Parkinson’s Progression Markers Initiative (PPMI) study. Here we demonstrate a 135 

decrease in RGS10 in the CSF of individuals with PD compared to healthy controls and 136 

prodromal individuals. Moreover, we find that RGS10 levels are also significantly predicted by 137 

age and sex but not disease progression as measured by the total UPDRS score.  138 

 139 

Importantly, CSI has been shown to increase the risk of developing neurodegenerative 140 

diseases such as PD [20]. Common sources of CSI include: a high-fat high-fructose diet, gut 141 

dysbiosis, physical inactivity, stress, sleep disturbances or deficiency, exposure to industrial 142 

toxicants, pre-existing chronic inflammatory diseases (CIDs) (such as rheumatoid arthritis (RA), 143 

inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), and psoriasis), genetics, and 144 

aging[20]. Interestingly, sources of CSI overlap significantly with risk factors for developing PD, 145 

suggesting that CSI may be a common downstream process in the development and 146 

progression of PD[19, 40, 41]; however, the role of peripheral immune cell dysregulation in this 147 

process is not known. As we and others have found decreased levels of RGS10 in the CSF and 148 

circulating peripheral immune cells of individuals with PD, we hypothesize that RGS10 regulates 149 

peripheral immune cell responses to CSI prior to the onset of neurodegeneration[39]. To test 150 

this, we induced CSI through biweekly intraperitoneal (IP) injections of low dose (1X106EU/kg) 151 

lipopolysaccharide (LPS) for 6 weeks in 5-7-month-old male and female C57B6/J mice and 152 

RGS10 KO mice to investigate peripheral immune cell responses both in the circulation as well 153 

as in and around the brain. Here, we find that RGS10 deficiency synergizes with CSI, inducing a 154 
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bias towards inflammatory myeloid cells and cytotoxic cell populations, as well as a reduction in 155 

innate and adaptive crosstalk through major histocompatibility complex class II (MHCII) in the 156 

peripheral blood mononuclear cells (PMBCs) as well as CNS-associated immune cells, most 157 

notably in males. These results, for the first time, highlight RGS10 as an important regulator of 158 

the systemic immune response to CSI and implicate RGS10 as a potential contributor to the 159 

development of peripheral immune dysregulation in the pathophysiology of PD.     160 

 161 

Methods  162 

 163 

Human Data: Data from Project 151 of the Parkinson’s Progression Markers Initiative 164 

(PPMI) conducted through the Michael J. Fox Foundation for Parkinson’s Research (MJFF) was 165 

used for this study. All patients that participated in the PPMI study signed an informed consent 166 

form and this study was approved by the Institutional Review Board (IRB) at the University of 167 

Florida. For this study, there are 1158 participants; 617 of which were a part of the PD cohort; 168 

355 were part of the prodromal PD cohort, 186 were part of the control cohort. All patients in 169 

the PD cohort must have received a Parkinson's clinical diagnosis with a positive DAT scan. 170 

Prodromal individuals are at risk for developing PD as determined by biomarkers, genetics, and 171 

clinical features. Healthy controls have no neurological disorder, no direct relative with PD, and 172 

a normal DAT scan. CSF isolation was performed using lumbar punctures as previously 173 

described [42]. All data points from participants included in the proteomics study were 174 

recorded at the beginning of the PPMI study. The proteomics study was recorded in relative 175 

fluorescence units (RFU), a measure used to indicate the levels of protein expression in a 176 
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sample of CSF. This study utilized a protein quantitative trait loci (pQTL) analysis to generate the 177 

proteomics dataset. A SOMAlogic assessment, SOMAscan, was used to perform pQTL in this 178 

case. SOMAscan is an assay capable of performing large scale proteomics. For the SOMAscan, 179 

the data was subjected to 4 stages of normalization: hybridization normalization, plate scaling, 180 

median signal normalization, and calibration. Then the data was filtered to exclude non-human 181 

SOMAmers (the molecule that tags the target proteins). The final step was to log2 transform 182 

the RFU data.  183 

 184 

Animals: Mice were housed in the McKnight Brain Institute vivarium at the University of 185 

Florida and maintained on a 12:12 light–dark cycle with ad libitum access to water and standard 186 

rodent diet chow. All animal procedures were approved by the Institutional Animal Care and 187 

Use Committee at the University of Florida and followed the Guide for the Care and Use of 188 

Laboratory Animals from the National Institutes of Health. Generation of the RGS10 knock out 189 

(KO) line onto a C57B6/J background has been previously described [22]. Male and female 190 

C57BL6/J (B6) and RGS10 KO (KO) mice were aged to 5-7 months old and were injected with 191 

either 1X10
6
 EU/kg of lipopolysaccharide (LPS) (Escherichia Coli 0111:B4, Sigma Aldrich, L2630) 192 

or sterile saline intraperitoneally (IP) twice a week for 6 weeks (10 animals/group) 193 

(Supplemental Figure 2A). Mice were weighed and IP injections were performed on alternate 194 

sides of the mouse for each injection to reduce scar tissue formation. Animals were given 195 

access to a water bottle and wet chow 1 day prior to injections and for the duration of the 196 

paradigm. Mice that exhibited signs of dehydration were given a subcutaneous injection of 197 

sterile saline up to 1mL/day. 4 male animals in cohort 1 did not receive a single dose of LPS in 198 
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week 3 due to concerns about exceeding weight loss parameters set by IACUC. At endpoint, 199 

24h post the last injection, mice were heavily anesthetized with isoflurane and euthanized via 200 

diaphragm laceration. Blood was extracted from the right atrium of the heart and collected in 201 

an EDTA-containing vacutainer tube. Brains were removed rapidly from the skull and 202 

hemisected, with the left hemisphere immediately processed for brain immune cell isolation, 203 

while the other hemisphere was flash frozen in liquid nitrogen and stored in -80°C. In a second 204 

cohort of mice, male C57BL6/J and RGS10 KO mice were aged to 5-7 months old and underwent 205 

the same injection regimen as the previous cohort, with either 1X10
6
 EU/kg of LPS or sterile 206 

saline IP injections twice a week for 6 weeks (5 animals/group)(Supplemental Figure 2D). At 207 

endpoint, 24h post the last injection, mice were heavily anesthetized with isoflurane and 208 

euthanized via diaphragm laceration. Blood and the brain were processed for PBMC and brain 209 

immune cell isolations, respectively, which were then immediately processed for RNA 210 

extraction. RNA was stored in -80° C prior to quality control and Nanostring analysis.  211 

 212 

PBMC isolation: Blood was processed for PBMC isolation via ACK lysis. Briefly, 5mL of 213 

ACK lysis buffer was mixed to 250µL of blood was on ice and incubated for 5 minutes and 214 

quenched with 5mL of HBSS-/-. Samples were then centrifuged at 4°C for 5 minutes at 350xg. 215 

Supernatant was then removed, and the remaining pellet washed in another 5mL of HBSS-/-. 216 

Samples were centrifuged again at 4°C for 5 minutes at 350xg, supernatant removed, and pellet 217 

resuspended in 200µL of 1XPBS on ice. PBMCs were processed for flow immediately and 218 

analyzed on the FACs Diva Symphony cytometer.  219 

 220 
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Brain Immune Cell Isolation: Immune cells from the brain were isolated using Miltenyi 221 

Biotec’s Adult Brain Dissociation Kit (ABDK, #130–107-677) according to the manufacturer’s 222 

protocol as described previously [43]. Briefly, brains were harvested, washed, and cut into 223 

approximately 16 small pieces, and put into gentleMACS C-tubes (Miltenyi Biotec, #130-093-224 

237) with dissociation enzymes prepared for initial tissue homogenization using the 225 

37C_ABDK_01 protocol on the gentleMACS Octo-Dissociator with heaters (Miltenyi Biotec, 226 

#130-096-427) for dissociation. Brain lysates were then filtered through a 70µM filter with 227 

Dulbecco’s PBS with calcium, magnesium, glucose, and pyruvate (D-PBS) and pelleted at 228 

300xg for 10min at 4°C and debris and red blood cells were removed from the sample. Once 229 

cells had been cleaned, immune cells were isolated using magnetic separation with anti-CD45 230 

magnetic beads. Isolated immune cells were then taken for downstream applications. 231 

 232 

Flow Cytometry: Brian immune cells and PBMC samples were resuspended in 200µL of 233 

cold 1XPBS and transferred into clear, v-bottom 96 well plate. Samples pelleted via 234 

centrifugation at 300xg for 5 minutes at 4°C and supernatant removed. Samples were washed 235 

once in 200µL of 1XPBS, pelleted via centrifugation (300xg, 5 minutes, 4°C), and resuspended in 236 

50µL of antibody cocktail. Cells were incubated in the dark with antibody cocktail for 20 237 

minutes at 4°C. After antibody incubation cells were pelleted and washed, 3 times, with Facs 238 

buffer. Cells were then fixed in 50µL of 1% PFA for 30 minutes at 4°C in the dark. After fixation 239 

cells were pelleted and washed twice in FACS buffer. For compensation controls, 1µL of 240 

antibody was added to one drop of reactive and negative AbC™ Total Antibody Compensation 241 

Beads, while 0.5µL of Live/Dead antibody was resuspended in one drop of reactive and 242 
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negative ArC Amine Reactive Compensation Beads for live/dead compensation control. Samples 243 

and comps were resuspended in 200µL of FACS buffer and transferred to glass tubes which 244 

were topped off with another 100µl of FACS buffer. Samples were analyzed on the BD FACS 245 

symphony A3 until 100,000 single-cell live events were collected or until the sample ran dry. 246 

Brain immune cell and PBMC samples that did not capture at least 70,000 events or PBMC 247 

samples that did not capture over 50,000 live CD45+ events were excluded.  Lasers were set 248 

with spherotech beads values determined by initial complete compensation conditions. 249 

Compensation controls were performed for each experiment and comps calculated prior to 250 

running samples. Samples from each treatment group were present in each run. FCS files were 251 

analyzed via Flowjo software version 10. Gates were set using Fluorescent minus one controls 252 

(FMOCs) (Supplemental Figure 3) and samples were normalized within sex between runs.  253 

 254 

RNA Extraction for Fresh Samples: Bench areas were cleaned with RNase Zap prior to 255 

RNA extraction. Brain immune cell isolation and PBMCs were lysed with 350µL BME and RLT 256 

lysis buffer (20µL of BME per 1mL RTL buffer) and processed for RNA extraction via RNeasy Kit 257 

(Qiagen) according to the manufacturer’s protocol. Briefly, lysed solution was transferred to 258 

Qiashredder tubes for complete homogenization. Sample flow-through was then mixed with 259 

350µlL of 70% ethanol and transferred to RNAeasy spin columns. Samples were centrifuged for 260 

15 seconds at 9391xg at room temperature. Flow-through was discarded and nucleic acids 261 

trapped in the RNAeasy membrane were washed with 700µL of RW1 buffer and 500µL of RPE 262 

buffer twice, centrifuging for 15 seconds at 9391xg at room temperature and discarding flow-263 
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through after each wash. Samples were then centrifuged for 2 minutes at full speed to dry 264 

before eluting samples with 20µL of RNAse free water in a 1 minute spin at  9391xg. SI 265 

 266 

NanoString: The  NanoString  nCounter®  Analysis  System  (NanoString  Technologies,  267 

Seattle,  USA)  was  employed  to  perform  the  Mouse  Immunology Panel nCounter® assay  268 

(CAT# xt_pgx_MmV1_Immunology_CSO). This  assay  utilized  a  panel  consisting  of 549 target  269 

genes  with 14 internal reference genes and an additional  set  of  9  custom spike-in genes for 270 

RGS10, GPNMB, GRN, Histone 3, Histone Deacetylase 3, LRRK2, iNOS, P65 NFKB, and SIP.  Brain 271 

immune cell and PBMC RNA samples were loaded and hybridized to the provided capture and 272 

reporter probes overnight at 65°C according to the manufacturer’s instructions. The samples 273 

were then added into the provided nCounter chip via use of the NanoString MAX/FLEX 274 

robot. Unhybridized capture and reporter probes were removed, and the hybridized mRNAs 275 

were immobilized for transcript count quantification on the nCounter digital analyzer. The data 276 

were then imported into the nSolver analysis software v4.0 for quality check and analysis 277 

according to the manufacturer’s instructions. Raw counts were normalized to the geometric 278 

mean of the positive and negative controls and count expression was calculated via nSolver 279 

Advanced Analysis v 2.0.134. Gene expression was only considered significant if p < 0.05 after 280 

adjustment using the Benjamini-Hochberg method for false discovery rates. Sample quality was 281 

determined via the DV200 index; and samples that did not meet the minimum RNA 282 

concentration threshold were excluded from analysis. The top 10 Gene pathways of 283 

differentially expressed genes were analyzed ShinyGO 0.77 set to mouse species and run 284 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 29, 2024. ; https://doi.org/10.1101/2024.10.24.620078doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.24.620078
http://creativecommons.org/licenses/by-nc-nd/4.0/


through KEGG Pathway database. Functional sub-categories were identified within KEGG 285 

pathways diagrams that had consistent directionality of the DEGs. 286 

 287 

Statistical Analyses: Analyses for human data from the PPMI study were conducted in R 288 

studio.4.4.1 For the primary analysis of RGS10 and patient group, we used a 1-way ANCOVA 289 

with 3 levels: control, prodromal, and PD. In this analysis we covaried for sex and age. 290 

Furthermore, Pearson’s correlation test was used to compare RGS10 levels to age and UPDRS 291 

score in PD patients. Lastly, levels of RGS10 between males and females in each cohort were 292 

analyzed using type II ANOVA with Bonferroni correction for multiple comparisons. Analyses for 293 

mouse data were performed with Graph-Pad Prism 9. Group differences were analyzed using 294 

ordinary two-way ANOVA corrected for multiple comparisons with Tukey post-hoc test. 295 

Samples that are statistically different from each other do not share the same letter. p values ≤ 296 

0.05 were considered statistically significant.  297 

 298 

Results  299 

 300 

RGS10 Protein levels are Reduced in the CSF of Individuals with PD Relative to Matched 301 

Controls 302 

 303 

We utilized the proteomic dataset from project 151 of the MJFF PPMI study to assess 304 

RGS10 levels in the CSF of healthy controls (n=176), prodromal PD (n=345), and individuals with 305 

PD (n=607) (Figure 1A). Correcting for age and sex, we found a significant main effect of patient 306 
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group (COHORT) on levels of RGS10 in the CSF (Supplemental Figure 1A), with post-hoc analysis 307 

identifying a significant decrease in RGS10 levels of PD patients compared to healthy controls 308 

and prodromal individuals with no difference between prodromal individuals and healthy 309 

controls (Figure 1B). Moreover, both covariates (age and sex) held large portions of the 310 

variance and were significant in their ability to predict RGS10 levels in the CSF (Supplemental 311 

Figure 1A). Therefore, we wanted to assess the relationship between RGS10 levels in the CSF 312 

and age using linear regression. In both healthy control and PD cohorts we find a significant but 313 

very weak negative correlation between RGS10 and age (Figure 1C). Additionally, males with PD 314 

have significantly less RGS10 in the CSF as compared to prodromal females or females with PD 315 

(Figure 1D). Lastly, as we saw a significant difference in the RGS10 levels between PD patients, 316 

we wanted to assess whether RGS10 levels have a relationship to disease progression. Using a 317 

linear regression, we found there was not a significant correlation between RGS10 levels and 318 

disease progression scored by total UPDRS scores (Figure 1E).  319 
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 320 

Figure 1: Individuals with PD display reduced protein levels of RGS10 in the CSF 321 
compared to healthy controls and prodromal individuals. A) Schematic of the study work flow. 322 
B) Log transformed quantification of relative fluorescence units (RFU) of RGS10 in the CSF of 323 
healthy controls, prodromal individuals, and individuals with PD. Statistical significance was 324 
calculated using 1-way ANCOVA with 3 levels: control, prodromal, and PD, covaried for sex and 325 
age, followed by Tukey’s HSD to correct for multiple comparisons. C) Log transformed 326 
quantification RFU of RGS10 across age in healthy controls, prodromal individuals, and 327 
individuals with PD. Statistical significance was calculated using a correlational test. D) Log 328 
transformed quantification RFU of RGS10 between sexes. Statistical significance was calculated 329 
using a 2-way Anova to compare RGS10 levels between male and females in each cohort.  E) 330 
Log transformed quantification RFU of RGS10 across total UPDRS score in Parkinson’s Patients 331 
on medication. Statistical significance was calculated using a correlational test. *p < 0.05, ***p 332 
< 0.001. 333 

 334 

  As circulating, and likely immune cell populations in the CSF, suffer from a lack of RGS10 335 

in individuals with PD[39], we aimed to investigate how loss of RGS10 impacts the inflammatory 336 

response in circulating and CNS-associated immune cells. Here, we investigated the 337 
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immunoregulatory capacity of RGS10 under chronic systemic inflammatory conditions, which 338 

have been reported by multiple groups in individuals with PD and appear to be associated with 339 

the development of PD[9, 19, 20]. To do this we induced CSI in male and female C57BL6/J (B6) 340 

and RGS10 knock out (KO) animals. We isolated PBMCs and CNS-associated immune cells 24h 341 

after the completion of the CSI paradigm, thereby ensuring the wash out of acute inflammatory 342 

processes. Samples were subjected to comprehensive phenotyping of the innate and adaptive 343 

immune system via flow cytometry.  344 

 345 

RGS10 and CSI Regulate the Frequency and Functional Dynamics of Circulating Natural Killer 346 

Cells and Antigen-Presenting Cells in Mice 347 

 348 

Considering, that loss of RGS10 promotes hyperinflammatory responses and 349 

dysregulated immune cell recruitment[22, 26, 28, 29, 32-34, 37, 38, 44], we assessed whether 350 

RGS10 mediates the frequency and functionality of innate immune cells exposed to LPS-351 

induced CSI. Within the innate immune system, we found that LPS-induced CSI and RGS10 alter 352 

the frequency of patrolling natural killer (NK) cells, dendritic cells, and monocytes in the blood 353 

(Figure 2A-C, F-H). Specifically, we find a main effect of LPS-induced CSI and RGS10 on the 354 

frequency of NK cells, where KO animals have less NK cells overall but experience a significant 355 

increase in NK cell frequency with exposure to LPS-induced CSI, whereas B6 animals do not see 356 

a significant increase in NK cells frequency after LPS-induced CSI (Figure 2A, F). LPS-induced CSI 357 

also induced a significant increase in the frequency of dendritic cells compared to saline 358 

controls with RGS10 deficiency exacerbating this increase in male mice (Figure 2B, G). Lastly, 359 
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we find that the percentage of circulating monocytes decreased in female (but not male) mice 360 

exposed to LPS-induced CSI (Figure 2C, H).   361 

 362 

To investigate functional changes within the antigen-presenting cell populations that 363 

were different between B6 and KO in the blood, we assessed MHCII membrane expression as a 364 

measure of antigen-presenting capacity and LY6C membrane expression as a marker of 365 

inflammatory monocytes. Despite a significant increase in the frequency of dendritic cells with 366 

CSI, we found that MHCII membrane expression on dendritic cells did not differ with LPS-367 

induced CSI or RGS10 deficiency (Figure 2D, I). However, MHCII membrane expression was 368 

decreased on monocytes exposed to LPS-induced CSI (Figure 2E, J). Post-hoc analysis revealed 369 

deficits in MHCII membrane expression in male KO saline controls that was not present in 370 

female KO mice (Figure 2E, J). We also observed sex-specific differences as male, but not 371 

female, KO monocytes exhibited augmented inflammatory profiles (Figure 2L-Q). Specifically, 372 

membrane expression of LY6C on monocytes was markedly increased in KO male mice 373 

compared to B6 mice at baseline (Figure 2L). Moreover, RGS10-deficient male mice displayed a 374 

larger portion of LY6C-high monocytes (and inversely a lower proportion of LY6C-low) 375 

compared to B6 mice (Figure 2M-N). Interestingly, LPS-induced CSI decreased both the ratio 376 

and membrane expression of LY6C on monocytes regardless of sex (Figure 2L-Q).  377 

Overall, we found that RGS10 and LPS-induced CSI regulate the frequency and functional 378 

dynamics of NK cells and APCs in mouse PBMCs, with CSI increasing NK-cell and dendritic-cell 379 

frequencies in the blood, while dampening inflammatory phenotypes in antigen-presenting 380 

monocytes. Moreover, RGS10 deficiency exacerbated CSI-induced increases in dendritic cells 381 
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and was associated with higher proportions of inflammatory monocytes, predominantly in male 382 

mice.  383 

 384 

 385 

Figure 2: RGS10 and Chronic Systemic Inflammation (CSI) synergize to regulate the frequency 386 
and functional dynamics of natural killer cells and antigen-presenting cells in peripheral 387 
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circulation. Male and female mouse PBMCs were immunophenotyped via flow cytometry. A & 388 
F) Frequency of natural killer cell out of total CD45+ cells. B & G) Frequency of dendritic cells 389 
out of total CD45+ cells. C &H) Frequency of monocytes out of total CD45+ cells. D & I) Mean 390 
fluorescent intensity (MFI) of MHCII on Dendritic cells. E & J) MFI of MHCII on monocytes. L & 391 
O) MFI of LY6C (BB660) on monocytes. M & P) Frequency of LY6C-high monocytes out of total 392 
monocytes. N & Q) Frequency of LY6C-low monocytes out of total monocytes. Samples that are 393 
statistically different do not share the same letter. Significance for main effects is as follows: *p 394 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 395 
 396 

RGS10 and CSI Regulate the Frequency of Circulating B and CD4+T cells in Mice 397 

 398 

In light of the alterations in circulating APC frequency and capacity as a result of LPS-399 

induced CSI and RGS10 deficiency described above, we also examined lymphocyte population 400 

dynamics in the circulation. Here, we found that LPS-induced CSI and RGS10 induce sex-specific 401 

alterations on B-cell frequency, while RGS10 regulates CD4+ helper T-cell population 402 

frequencies (Figure 3). Specifically, there is a main effect of CSI on B-cell frequency, with a 403 

significant reduction in B cells of B6 males but not KO males exposed to LPS-induced CSI (Figure 404 

3A, C). The opposite is true in females, evinced by a significant reduction in B cells in KO 405 

females but not B6 females exposed to LPS-induced CSI (Figure 3C).  406 

 407 

Overall, neither RGS10 deficiency nor LPD-induced CSI impacted the frequency of 408 

circulating T cells (Figure 3B, D). However, upon further evaluation of T-cell subsets, we found a 409 

main effect of RGS10 on CD4+ helper T cells (Figure 3E, I). In females, we also detected a 410 

significant decrease in CD4+ T cells in RGS10-deficient animals compared to B6 counterparts at 411 

baseline that disappears with LPS-induced CSI (Figure 3I). The frequency of CD8+ cytotoxic T 412 

cells and natural killer T (NKT) cells in the blood did not change as a result of CSI or RGS10 413 
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deficiency (Figure 3F-H, J-L). Interestingly, membrane expression of the primary markers for B 414 

cells (CD19), T cells (CD3), helper T cells (CD4), and cytotoxic T cells (CD8) were also decreased 415 

with RGS10 deficiency, primarily in males (Supplemental Figure 7). Taken together, these data 416 

indicate that LPS-induced CSI increases the frequency of patrolling cells within the circulation 417 

while decreasing the inflammatory and antigen-presenting capacity of monocytes. Additionally, 418 

CSI diminishes the frequency of B cells in the circulation. On the other hand, RGS10 deficiency 419 

exacerbates CSI-induced increases in dendritic cell populations and enhances the inflammatory 420 

status of monocytes in males, while reducing the frequency of CD4+ T cells in the circulation.  421 

 422 
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 423 

Figure 3: RGS10 and Chronic Systemic Inflammation (CSI) regulate the frequency of B and 424 
CD4+ T cells in circulation. Male and female mice PBMCs were immunophenotyped via flow 425 
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cytometry. A & C) Frequency of B cells out of CD45+ cells. B & D) Frequency of T cells out of 426 
total CD45+ cells. Frequency of CD4+ cells out of total T cells in males (E) and females (I). 427 
Frequency of CD8+ cells out of total T cells in males (F) and females (J). CD8:CD4 T cell ratio in 428 
males (G) and females (K). Frequency of NK1.1+ cells out of total T cells in males (H) and 429 
females (L). Samples that are statistically different do not share the same letter. Significance for 430 
main effects is as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 431 

 432 

RGS10 Deficiency Synergizes with CSI to Induce Innate and Adaptive Immune System 433 

Dysregulation in Male Mouse PBMCs 434 

 435 

Next, we utilized a targeted transcriptomic assay of immune pathways enabled by 436 

Nanostring Technology to better understand the activation status and cellular pathways altered 437 

in RGS10-deficient immune cells exposed to LPS-induced CSI. To do this, we extracted RNA from 438 

PBMCs collected from a separate cohort of animals that were exposed to the same CSI 439 

paradigm. This separate cohort consisted of male mice based on the large proportion of the 440 

RGS10-dependent changes that we observed in males only.   441 

 442 

Here we found that under baseline, non-stimulated conditions RGS10 deficiency did not 443 

induce any differentially expressed genes (DEGs) in PBMCs compared to B6 saline controls, with 444 

the exception of RGS10 itself (Figure 4A). Moreover, LPS-induced CSI alone only induces 8 DEGs 445 

relative to B6 saline controls (Figure 4B). However, after exposure to LPS-induced CSI, we found 446 

117 DEGs in RGS10-deficient PBMCs as compared to B6 saline controls (Figure 4C), indicating 447 

that RGS10 primarily mediates immune pathways upon stimulation, an observation which is 448 

also evident in the sizable induction of DEGs in KO exposed to LPS-induced CSI when compared 449 

to KO saline controls (Figure 4B). Interestingly, we find no differentially expressed genes 450 
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between KO and B6 PBMCs that were both exposed to LPS-induced CSI (Figure 4A), suggesting 451 

that CSI induced similar changes in immune cell pathways. We can further appreciate the 452 

synergy of RGS10 deficiency and LPS-induced CSI in altering immune pathways by comparing 453 

the similarity of DEGs between each group when compared to baseline. Here, we find that all 8 454 

DEGs induced by LPS-induced CSI alone are shared with the KO group that was also exposed to 455 

LPS-induced CSI, furthermore 108 unique DEGs appeared in the KO group upon exposure to 456 

LPS-induced CSI (Figure 4D). Importantly, we also confirmed the absence of RGS10 in both of 457 

our KO groups (Figure 4D).  458 

 459 

To analyze the gene pathways that were changing as a result of RGS10 deficiency and 460 

CSI, we ran all 117 DEGs identified in the KO group exposed to CSI through a KEGG analysis. The 461 

KEGG pathway analysis showed that DEGs of RGS10-deficient PBMCs exposed to LPS-induced 462 

CSI were involved in immune cell maturation/differentiation, cytokine-cytokine receptor 463 

interactions, cell-adhesion molecules, NK cell-mediated cytotoxicity, autoimmune thyroid 464 

disease, and a multitude of gene pathways in infection (Figure 4E). As these pathways included 465 

both up and downregulated DEGs, we performed sub-analyses in which we identified 4 466 

functional sub-categories within KEGG pathways that had consistent directionality of the DEGs 467 

(Figure 4F). We found a significant upregulation of NK cell cytotoxicity and myeloid cell 468 

activation along with a significant downregulation in MHCII expression and lymphocyte 469 

maturation/activation in CSI-exposed RGS10-deficient PBMCs as compared to B6 saline controls 470 

(Figure 4F).  471 

 472 
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 473 

Figure 4:  RGS10 deficiency synergizes with Chronic Systemic Inflammation (CSI) to induce 474 
innate and adaptive immune system dysregulation in mouse PBMCs. RNA from mouse PBMCs 475 
were run on the NanoString nCounter® immune panel. A) Volcano plot of differentially 476 
expressed genes (DEGs) of RGS10 KO Saline vs B6 Saline. B) Volcano plot of DEGs of B6 LPS vs 477 
B6 Saline. C) Volcano plot of DEGs of RGS10 KO LPS vs B6 Saline. D) Venn diagram of the 478 
number of shared and unique DEGs from each group compared to B6 Saline. E) Dotplot of 10 479 
most significant KEGG pathways the DEGs from RGS10 KO LPS vs B6 Saline comparison are 480 
involved in. F) Heatmap of the fold change of RGS10 KO LPS and B6 LPS DEGs relative to B6 481 
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saline. All genes listed are significantly different in the RGS10 KO LPS group compared to B6 482 
Saline (BH adjusted P < 0.05). Genes are grouped by associated KEGG pathways. 483 

 484 

RGS10 and CSI Regulate the Frequency of Innate Immune Cells in and around the Brain and 485 

Synergistically Influence their Activation 486 

 487 

As immune cell phenotypes are influenced by origin and environmental context [45, 46], 488 

immune cells within the circulation may not reflect immune-cell populations in and around the 489 

brain. Therefore, we isolated brain immune cells to assess whether CNS-associated immune 490 

cells exhibit similar changes to those seen in circulation under conditions of RGS10 deficiency 491 

and LPS-induced CSI. Importantly, animals were not perfused prior to isolating brain immune 492 

cells, as we did not want to restrict our assessment of immune cells to that solely of the brain 493 

parenchyma as both meningeal and peri-vascular spaces can contribute to the induction of 494 

neuroinflammation[17]. Furthermore, we reported above that PD patients have less RGS10 in 495 

their CSF compared to healthy controls and prodromal individuals, highlighting the potential 496 

role of RGS10 in brain-adjacent compartments.   497 

 498 

We investigated the frequency of CD45+ cells out of total live cells to determine the 499 

proportion of immune cells in and around the brain. Overall, we found a main effect of 500 

genotype on the proportion of CD45+ cells, demonstrating a reduction in the frequency of 501 

CD45+ cells in KO mice in both males and females (Figure 5A-B). However, upon post-hoc 502 

analysis there were no significant differences in the frequency of CD45+ cells in and around the 503 

brain with or without RGS10 deficiency or LPS-induced CSI in males (Figure 5A). Interestingly, 504 
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however, we see a main effect of CSI treatment in females, that with post-hoc analysis reveals a 505 

significant increase in the frequency of CD45+ cells with CSI in B6 mice, but not in KO mice 506 

(Figure 5B). Moreover, we assessed membrane expression of CD45 as an indicator of immune 507 

activation in CNS-associated immune cells[47].CD45 may also reflect the proportion of 508 

peripheral immune cells present in the brain as peripheral immune cells express CD45 to a 509 

greater extent than CNS-resident immune cells like microglia[47]. Here we observed a main 510 

effect of LPS-induced CSI on CD45 membrane expression, with post-hoc analysis revealing that 511 

LPS-induced CSI, in males, significantly increased CD45 expression only in KO animals compared 512 

to saline controls, and not in B6 animals (Figure 5C). Conversely, we found a significant increase 513 

in CD45 expression due to LPS-induced CSI in females in both KO and B6 animals (Figure 5D). 514 

Furthermore, we also observed a significant increase in CD45 expression in KO females at 515 

baseline compared to B6 females (Figure 5D). Overall, these data indicate that RGS10 and CSI 516 

may regulate the frequency and activation of CNS-associated immune cells. Next, we 517 

investigated specific innate immune cell responses mediated by CSI and RGS10 in the CNS. 518 

Importantly, we assessed immune cell populations out of total CD45+ cells to normalize any 519 

differences between groups in immune cells present in the CNS. Overall, we found that LPS-520 

induced CSI and RGS10 altered innate immune cell frequencies within the CNS. Most strikingly, 521 

we observed a marked increase in the frequency of dendritic cells in and around the brain of KO 522 

animals regardless of treatment or sex (Figure 6A,E). Moreover, we do not observe the same 523 

induction of NK cells in CNS-associated immune cells as we do in the circulation, which may be 524 

a product of the limited amount of NK cells in and around the brain (Figure 6B,F). Specifically, 525 

we observe a main effect of LPS-induced CSI on NK cells in and around the brain in males but 526 
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find no significant differences in the frequency of NK cells between treatment groups regardless 527 

of sex (Figure 6B,F). Additionally, we found no differences in the frequency of CNS-associated 528 

monocytes in males but detected an increase in monocytes in females with LPS-induced CSI in 529 

B6 but not KO animals (Figure 6C, G). Lastly, we demonstrated a significant reduction in the 530 

frequency of microglia in KO animals compared to B6 saline controls in both sexes (Figure 6D, 531 

H), indicating an increase in frequency of peripheral immune cells out of the total immune cells 532 

present.   533 

 534 

 535 
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Figure 5: RGS10 and Chronic Systemic Inflammation (CSI) regulate immune cell frequency and 536 
activation in the CNS. Mouse PBMCs were immunophenotyped via flow cytometry. Frequency 537 
of CD45+ cells out of all live cells in males (A) and females (B). MFI of CD45 out of CD45+ 538 
immune cells in males (C) and females (D). Samples that are statistically different do not share 539 
the same letter. Significance for main effects is as follows: *p < 0.05, **p < 0.01, ***p < 0.001, 540 
****p < 0.0001. 541 
 542 

 Unlike the blood, we found a significant decrease in MHCII membrane expression in 543 

RGS10-deficient dendritic cells in and around the brain (Figure 6I,L). Additionally, we see that 544 

the frequency of MHCII+ dendritic cells declined with RGS10 deficiency, and this was 545 

exacerbated in female KO mice when exposed to LPS-induced CSI (Figure 6O,R). Again, unlike 546 

the blood, we saw no differences in MHCII membrane expression in monocytes with CSI or KO 547 

compared to B6 saline controls (Figure 6J, M). However, the frequency of MHCII+ monocytes 548 

was significantly reduced with LPS-induced CSI in RGS10-deficient animals compared to all 549 

other groups in both males and females (Figure 6P,S). Moreover, microglia are also antigen-550 

presenting cells, and we found a main effect of LPS-induced CSI on MHCII membrane expression 551 

on microglia along with a significant decrease in the frequency of MHCII+ microglia with LPS-552 

induced CSI in KO mice compared to B6 saline controls, in the CNS (Figure 6K,N,Q,T). Overall, 553 

our data suggest a prominent decrease in antigen-presenting capacity in RGS10-deficient CNS-554 

associated APCs exposed to CSI through reductions in membrane expression of MHCII and/or 555 

frequency of MHCII+ APCs.  556 

 557 

Considering the overall activation of immune cells and increased presence of peripheral 558 

immune cells in the CNS with CSI and RGS10 deficiency we directly analyzed the inflammatory 559 

status of monocytes and microglia. Here, we observed a significant increase in CD45 membrane 560 
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expression on microglia with LPS-induced CSI (Figure 6U, X). Additionally, we found a significant 561 

induction of CD45 expression on monocytes in and around the brain of RGS10-deficient animals 562 

with CSI but not in B6 animals (Figure 6V, Y). It should be noted, however, that there is no 563 

difference in CD45 expression level between B6 and KO monocytes after exposure to LPS-564 

induced CSI, suggesting that KO monocytes may have slightly lower baseline levels of CD45. 565 

Lastly, looking at LY6C membrane expression, we observed increased LY6C expression on 566 

RGS10-deficient CNS-associated monocytes from male mice exposed to CSI as compared to 567 

saline controls. Conversely, LY6C membrane expression on CNS-associated monocytes was 568 

augmented with LPS-induced CSI in B6 females but not KO females (Figure 6W, Z). Collectively, 569 

these data reveal that myeloid cells in the CNS, and in particular monocytes, express robust 570 

induction of inflammatory markers after exposure to CSI and become activated in response to 571 

CSI with RGS10 deficiency, most prominently in males.   572 
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Figure 6: RGS10 and Chronic Systemic Inflammation (CSI) impair capacity for antigen 574 
presentation in brain-associated immune cells and induce myeloid cell activation. Male and 575 
female mouse CNS-associated immune cells were immunophenotyped via flow cytometry. A & 576 
E) Frequency of dendritic cells out of CD45+ cells. B & F) Frequency of natural killer cell out of 577 
CD45+ cells. I & L) Mean fluorescent intensity (MFI) of MHCII on dendritic cells. J & M) MFI of 578 
MHCII on monocytes. K & N) MFI of MHCII on microglia. O & R) Frequency of MHCII+ dendritic 579 
cells out of total dendritic cells. P &S) Frequency MHCII+ monocytes out of total monocytes. Q 580 
&T) Frequency MHCII+ microglia out of total microglia. U & X) MFI of CD45 on microglia. V & Y) 581 
MFI of CD45 on monocytes. W & Z) MFI of LY6C on monocytes. Significance for main effects is 582 
as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 583 

 584 

RGS10 and CSI Mediate Reductions in the Lymphocyte Frequency while Enhancing Cytotoxic T 585 

Cell Populations in CNS-Associated Immune Cells 586 

 587 

We then examined lymphocyte dynamics in the CNS. We found a reduction in the 588 

frequency of B cells (Figure 7A, C). In males, all groups displayed a significant reduction in the 589 

frequency of B cells compared to B6 saline controls (Figure 7A).  In females, only B cells from KO 590 

mice exposed to LPS-induced CSI were significantly reduced compared to B6 saline controls 591 

(Figure 7C). Interestingly, we found a main effect of CSI on the frequency of T cells in the CNS 592 

(Figure 7B, D). When we broke down the T cells into their respective subsets, we found a main 593 

effect of LPS-induced CSI on each T-cell subset (Figure 7E-L). Specifically, there is a decreased 594 

frequency of CD4+ T cells in CSI-exposed animals in males. Importantly, we also observed that 595 

RGS10-deficient animals exhibited a lower frequency of CD4+ T cells at baseline, but we did not 596 

see any group differences in females (Figure 7E, I). Moreover, we found a significant increase in 597 

the frequency of CD8+ T cells with LPS-induced CSI; however, in males, this increase is only 598 

significant with RGS10 deficiency (Figure 7F, J). These changes in the frequency of CD4+ and 599 

CD8+ T cells were reflected in a significant increase in the ratio of CD8+ to CD4+ cells in KO 600 
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males exposed to LPS-induced CSI (Figure 7G), indicating a shift to more cytotoxic T cell 601 

populations in RGS10-deficient animals exposed to LPS-induced CSI, most prominently in males. 602 

Expanding upon our analysis of cytotoxic T cell subsets we also found a significant increase in 603 

the frequency of NKT cells with LPS-induced CSI, however, in males, this increase was only 604 

significant with RGS10 deficiency (Figure 7H, L). Therefore, in CNS-associated immune cells we 605 

observed a larger frequency of peripheral immune cells in and around the brain of KO animals 606 

exposed to LPS-induced CSI, a massive increase in dendritic cells with RGS10 deficiency which 607 

may possibly act as a compensatory mechanism for the global impairment of MHCII expressing 608 

APCs in the CNS with RGS10 deficiency and LPS-induced CSI, as well as the enhancement of 609 

inflammatory myeloid cells and cytotoxic T cells subsets with CSI and KO. 610 
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Figure 7: RGS10 and Chronic Systemic Inflammation (CSI) mediate reductions in the 612 
lymphocyte frequency while enhancing cytotoxic T cell populations in CNS-associated 613 
immune cells. Mouse CNS-associated immune cells were immunophenotyped via flow 614 
cytometry. A & C) Frequency of B cells out of CD45+ cells. B & D) Frequency of T cells out of 615 
CD45+ cells. Frequency of CD4+ cells out of total T cells in males (E) and females (I). Frequency 616 
of CD8+ cells out of total T cells in males (F) and females (J). Frequency of CD8/CD4 ratio out of 617 
total T cell in males (G) and females (K). Frequency of NK1.1+ cells out of total T cells in males 618 
(H) and females (L). Significance for main effects is as follows: *p < 0.05, **p < 0.01, ***p < 619 
0.001, ****p < 0.0001. 620 
 621 
RGS10 Deficiency Synergizes with CSI to Activate Innate Immunity in CNS-Associated Immune 622 

Cells while impairing Lymphocyte Engagement 623 

 624 

Assessing alterations in genes and gene pathways in CNS-associated immune cells, we 625 

observed an increase in the number of DEGs with exposure to LPS-induced CSI and RGS10 626 

deficiency (Figure 8A-D). Interestingly, RGS10 uniquely regulated the differential expression of 627 

multiple genes within the CNS, unlike in the blood, including the downregulation of IL-6, IL-1β 628 

CCL6, CD11c, CD48, CD80, Fcgr4, Tnfsf12, Tnfsf13b, and H2-DMa, and upregulation of Mr1. 629 

Additionally, we found that CSI alone induced 3 DEGs (downregulating CCL24 and Cd164, and 630 

upregulating CXCL13) that were also induced with LPS -induced CSI in KO animals (Figure 8A-D). 631 

Moreover, RGS10 deficiency was sufficient to induce significant downregulation of Itgax, H2-632 

DMa, and CD99 in CNS-associated immune cells when compared to B6 with both groups 633 

exposed to LPS-induced CSI (Supplemental Figure 11C), while there were no significant 634 

differences between KO and B6 groups exposed to LPS in the blood other than RGS10 635 

(Supplemental Figure 11D). Running the 77 DEGs of CSI exposed KO animals through KEGG 636 

pathway analysis revealed that a large portion of DEGs were involved in infectious pathways or 637 

inflammation-driven diseases along with hematopoietic cell lineage, cytokine-cytokine receptor 638 
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interactions, and IgA production (Figure 8E). Through our sub-analyses of the top 10 KEGG 639 

pathways distinguished in E, we identified 7 functional sub-categories with consistent 640 

directionality of the DEGs (Figure 8F). Here, we find that RGS10-deficient CNS-associated 641 

immune cells are enriched in TLR4/RIG1 pathways, complement genes, lymphocyte cell 642 

adhesion and migration genes, and IL-10 receptor genes (Figure 8F). Moreover, we find a 643 

bidirectional regulation of cytokines with enrichment in IL1a but a reduction in IL-6. Lastly, 644 

RGS10-deficient CNS-associated immune cells exposed to LPS-induced CSI exhibited significant 645 

reductions in chemokines related to myeloid trafficking and lymphocyte engagement through 646 

MHCII and costimulatory genes (Figure 8F).  In summary, synergy of RGS10 deficiency and CSI 647 

regulates genes involved in immune cell trafficking, TLR4/RIG1 immune cell activation, cytokine 648 

and complement cascades, and lymphocyte engagement in CNS-associated immune cells.   649 

  650 
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 651 

Figure 8:  RGS10 deficiency synergizes with Chronic Systemic Inflammation (CSI) to activate 652 
innate immunity in CNS-associated immune cells while impairing lymphocyte engagement. 653 
RNA from mouse brain immune cells were run on the NanoString nCounter® immune panel. A) 654 
Volcano plot of differentially expressed genes (DEGs) of RGS10 KO Saline vs B6 Saline. B) 655 
Volcano plot of DEGs of B6 LPS vs B6 Saline. C) Volcano plot of DEGs of RGS10 KO LPS vs B6 656 
Saline. D) Venn diagram of the number of shared and unique DEGs of each group compared to 657 
B6 Saline. E) Dot plot of 10 most significant KEGG pathways, the DEGs from RGS10 KO LPS vs B6 658 
Saline comparison are involved in. F) Heatmap of the fold change of RGS10 KO LPS and B6 LPS 659 
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DEGs relative to B6 saline. All genes listed are significantly different in the RGS10 KO LPS group 660 
compared to B6 Saline (BH adjusted P < 0.05). Genes are grouped by associated KEGG 661 
pathways. 662 
 663 

Discussion  664 

 665 

As inflammation and immune dysregulation have been consistently shown to contribute 666 

to the pathophysiology of PD, it is pertinent to investigate changes in immunoregulatory 667 

protein levels of relevant immune cell populations such as CNS-resident and peripheral immune 668 

cells, to understand disease-relevant mechanistic changes and identify potential therapeutic 669 

targets[9]. Here, we demonstrate a decrease in RGS10, a critical homeostatic regulator of 670 

immune cells, in the CSF of individuals with PD compared to healthy controls and prodromal 671 

individuals. As RGS10 is most highly expressed in immune cells, decreased levels of RGS10 may 672 

indicate a reduction of RGS10 in immune cells in the CSF of individuals with PD. This suggests 673 

that peripheral immune cells capable of directly interacting with the CNS in individuals with PD 674 

may lack the ability to negatively regulate the inflammatory response at the same level of 675 

healthy controls and may engage hyperinflammatory responses or develop chronic 676 

inflammatory responses that endanger vulnerable neuronal populations[48]. Considering that 677 

RGS10 levels are also reduced in subsets of immune cells in the peripheral circulation in PD, we 678 

examined the role of RGS10 in regulating the immune response of circulating and CNS-679 

associated immune cells to CSI, as CSI exemplifies inflammatory conditions associated with and 680 

present in PD. We demonstrate that RGS10 and CSI synergize to regulate myeloid cell 681 

activation, antigen-presenting capacity, and frequency of cytotoxic cell populations in both 682 

circulating and CNS-associated immune cells (Figure 9).  683 
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 684 

Figure 9: Summary of RGS10 and Chronic Systemic Inflammation (CSI)-mediated alterations in 685 
circulating and CNS-associated immune cells. A) Venn diagram of immune cell phenotypes 686 
identified in each group. Phenotypes that were present in both RGS10 KO, CSI, or the 687 
combination are listed in overlapping areas based on location in the CNS or blood. Common to 688 
both PBMCs and CNS-associated immune cells, RGS10 deficiency and CSI induce reductions in 689 
antigen presentation capacity, increased myeloid cell activation, and decreased lymphocyte 690 
engagement. Made with Biorender.com. 691 

 692 

Notably, this is the largest study to investigate levels of RGS10 in individuals with PD. As 693 

such, this is the first study to assess RGS10 levels in a sufficiently large population to determine 694 

more than disease effect, identifying that RGS10 levels are modestly but significantly inversely 695 

correlated with age in controls and individuals with PD. This points to deficits in RGS10 being 696 

driven, in part, by aging, which is the largest risk factor for developing neurodegenerative 697 

diseases. Conversely, mouse studies have identified augmented levels of RGS10 in aged 698 

A
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monocytes and granulocytes in the circulation, which may reflect a compensatory or tissue-699 

specific phenomena in mice[49]. Regardless, the loss of RGS10 with age in the CSF is supported 700 

by the concept of immune dysregulation and inflammaging[50]. Specifically, it is important to 701 

highlight that inflammatory insults such as LPS induce downregulation of RGS10 via histone 702 

deacetylation[35]. Within our CSI paradigm, transcript levels of RGS10 were not significantly 703 

decreased in the PBMCs but were, however, in CNS-associated immune cells. We may have 704 

been able to appreciate significant changes in RGS10 transcript levels in CNS-associated 705 

immune cells due to the abundance of microglia which highly express RGS10 ubiquitously in the 706 

CNS[51, 52], whereas changes in the blood may not have been detected due to its 707 

heterogenous cellular makeup and/or rapid turnover of cells, indicating potential cell-specific 708 

alterations in RGS10 which could be assessed in follow-up experiments utilizing single-cell 709 

transcriptomics. Nevertheless, we present evidence that LPS-induced CSI and not just acute 710 

inflammatory stimuli can reduce RGS10 transcript levels in immune cells. Consequently, CSI-711 

induced reductions in RGS10 may enhance the feed forward cycle of CSI.  712 

 713 

Importantly, we are capturing immune frequencies 24 hours past the last injection of 714 

LPS to ensure that acute inflammatory responses have resolved[53]. As a result, one limitation 715 

of our analysis is that we miss the early influx of neutrophils and monocytes into the circulation 716 

for homing to the peritoneum, the site of injury[54]. However, this time scale allows us to 717 

investigate stable and more long-lasting alterations in the frequency of immune cells in the 718 

circulation. Moreover, due to the chronicity of the paradigm we would expect both APC activity 719 

and lymphocytic participation. Here, we demonstrate that LPS-induced CSI alone can increase 720 
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the frequency of NK cells, dendritic cells, and patrolling LY6C-low monocytes. These cell types 721 

are specialized in surveillance and likely increased in response to persistent presence of LPS in 722 

the circulation. Specifically, LPS has been shown to induce NK cell proliferation as well as 723 

promote dendritic cell maturation and survival in vitro[55, 56].  LPS has also been shown to 724 

enhance LY6C expression on monocytes[57], however, we find that LPS-induced CSI increased 725 

the proportion of LY6C-low monocytes. High expression of LY6C is associated with a classical 726 

monocyte phenotype, which is characterized to be more pro-inflammatory in the blood; 727 

however, high expression of LY6C has been deemed a transient phenomenon as LY6C levels 728 

drop upon recruitment to lymphoid and non-lymphoid tissue[46]. Therefore, we may be 729 

capturing the conversion of LY6C-high monocytes to LY6C-low patrolling monocytes within the 730 

circulation with LPS-induced CSI.  731 

 732 

Moreover, increased monocytes in the blood have been reported in chronic infection 733 

and chronic auto-inflammatory disorders[58]. In contrast, in our model we find no difference in 734 

monocyte frequency in males with LPS-induced CSI and a decrease in the frequency of 735 

monocytes with LPS-induced CSI in female animals. This difference may arise for a few different 736 

reasons. Firstly, as mentioned previously, we did not capture acute monocyte dynamics that 737 

may be more reflective of active infections rather than low-grade systemic inflammation. 738 

Secondly, monocytes can differentiate into tumor necrosis factor- and inducible nitric oxide 739 

synthase-producing dendritic cells (TIP-DCs), and our concurrent increase in dendritic cells with 740 

CSI may reflect increased monocyte to DC differentiation[46]. Lastly, in vitro work has 741 

demonstrated that chronic LPS-induced reductions in MHCII couple with increases in PD-L1 742 
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expression, demarcating exhausted monocytes[59]. Considering that LPS-induced CSI also 743 

decreased MHCII membrane expression on monocytes in circulation, our decreased frequency 744 

of monocytes may be related to monocyte exhaustion[59]. Furthermore, the frequency of B 745 

cells in the peripheral circulation were decreased as a result of LPS-induced CSI. This reduction 746 

in B cells may be due to decreased lymphopoiesis from hematopoietic output in favor of 747 

myelopoiesis under inflammatory conditions[60].   748 

 749 

Notably, we find that RGS10- and CSI-mediated alterations in gene pathways 750 

corroborate and extend our flow cytometry results. Specifically, we find that even though KO 751 

animals have less NK cells overall, the increase in NK cells with LPS-induced CSI was only 752 

present in KO animals. Moreover, KO animals exposed to LPS-induced CSI, experienced a 753 

significant upregulation of genes involved in natural killer-cell cytotoxicity compared to B6 754 

saline controls. Thus, we report herein a novel role of RGS10 in NK cell frequencies and 755 

activation which offers an exciting new line of investigation into the role of RGS10 in the 756 

regulation of the innate immune system. Additionally, upregulation of genes involved in 757 

myeloid activation are consistent with higher LY6C expression in RGS10-deficient monocytes 758 

and the capacity of RGS10 to regulate the inflammatory response of myeloid cells[22, 29, 32-34, 759 

37]. Furthermore, the reduction in MHCII-related genes supports our observation of impaired 760 

antigen-presenting capacity in monocytes as a result of LPS-induced CSI.  Correspondingly, we 761 

also find that LPS-induced CSI and RGS10 mediate the downregulation of genes involved in 762 

lymphocyte activation/maturation, along with RGS10 specific deficits in CD4+ T cell frequency in 763 

the circulation, consistent with previous studies[23, 49]. As this deficit in CD4+ T cells was also 764 
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present in the CNS, this would suggest a systemic reduction in CD4+ T cells indicating that 765 

RGS10-deficient animals may have impaired CD4+ T cell engagement and expansion or 766 

enhanced CD4+ T cell death. Lastly, we find that downregulation of CD3 and CD19 is consistent 767 

with the reduction of their respective membrane expression on T and B cells with RGS10 768 

deficiency. In brief, our data reveal a synergistic relationship with RGS10 deficiency and LPS-769 

induced CSI that alters homeostasis to induce significant differentially-expressed genes 770 

denoting a shift to more cytotoxic and inflammatory innate immune populations that have 771 

impaired ability to talk to the adaptive immune system, thereby impairing its activation and 772 

potential resolution of the inflammatory response.  773 

 774 

In the CNS, we do not observe the same NK cell phenotypes as in the blood, possibly 775 

due to the low number of NK cells found in the CNS. Moreover, unexpectedly and in contrast to 776 

our findings in blood, we find a significant increase in dendritic cells that is not mediated by 777 

LPS-induced CSI, but solely by RGS10 deficiency, revealing a novel role of RGS10 in dendritic cell 778 

biology within the CNS. Monocyte populations in the CNS, on the other hand, were similar to 779 

those in the blood in that we see no changes in frequency between groups for males. 780 

Interestingly though, we found a significant increase in the frequency of monocytes with LPS-781 

induced CSI in females but only in WT B6 animals, not KO animals, supporting a role for RGS10 782 

in sex and genotype effects on CNS-associated monocyte population dynamics. Consistent with 783 

the general reduction or lack of expansion of monocytes in RGS10-deficient animals, we find 784 

that genes for multiple chemokine ligands important for monocyte trafficking are 785 

downregulated in the CNS-associated immune cells of KO animals exposed to LPS-induced CSI. 786 
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Regardless of immune cell frequency, we see amplified activation of immune cells in the CNS 787 

and specifically in myeloid populations, including microglia, with enhanced CD45 expression 788 

with LPS-induced CSI and LY6C expression on monocytes with RGS10 and LPS-induced CSI, 789 

consistent with increased LY6C on circulating monocytes. Moreover, genes related to myeloid 790 

activation, specifically, TLR4/RIG1 signaling and complement, were upregulated in CNS-791 

associated immune cells with CSI of KO animals. Genes related to proinflammatory cytokines, 792 

however, were not regulated uniformly, with significant downregulation of IL-6 and 793 

upregulation of IL-1α. Interestingly, KO animals also displayed attenuated IL-6 increases in the 794 

CSF with aging as compared to B6 animals at baseline[49]. It would be pertinent to assess the 795 

protein level of these cytokines in the CNS to understand whether altered transcription in KO 796 

animals after CSI reflects concurrent protein levels or upstream regulation of adjusted protein 797 

requirements by the cell.  798 

 799 

Moreover, we also observe reductions in antigen-presenting capacity in the CNS and the 800 

blood; however, all APC populations within the CNS, including microglia, experience decreased 801 

MHCII membrane expression or decreased frequency of MHCII+ cells with RGS10 deficiency and 802 

LPS-induced CSI.  Dendritic cells displayed a significant genotype effect on reduced MHCII 803 

expression and or/MHCII+ frequency in the CNS. We hypothesize that the reduction in the 804 

frequency of CD4+ T cells with LPS-induced CSI and RGS10 deficiency may be a result of this 805 

decreased antigen-presenting capacity, especially considering that CD4+ T cells are 806 

preferentially expanded in bacterial infections which the presence of LPS would mimic[61]. This 807 

is further supported by the downregulation of genes involved in lymphocyte engagement in KO 808 
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CNS-associated immune cells exposed to LPS-induced CSI. Furthermore, decreased frequencies 809 

of B cells with KO and LPS-induced CSI may also be related to the lack of CD4+ T cells that help 810 

to initiate the activation and proliferation of B cells[61]. Intriguingly, even though CD4+ T cell 811 

frequencies are reduced, we find an increase in the frequency of all CD3+ T cells in and around 812 

the brain with LPS-induced CSI. Moreover, genes that are important for immune cell adhesion 813 

and migration, particularly lymphocyte adhesion and migration, were upregulated in RGS10-814 

deficient CNS-associated immune cells exposed to LPS-induced CSI. Correspondingly, KO 815 

animals displayed increased frequencies of cytotoxic T cell subsets (CD8+ and NKT cells) with 816 

CSI, which would be responsible for the overall increase in T cells and highlighting a shift 817 

towards cytotoxic peripheral immune cells in and around the brain. Interestingly, T cell 818 

chemotaxis was found to be inhibited, granting protection in and EAE model[38], indicating that 819 

RGS10 may differentially regulate immune cell trafficking in autoimmune versus chronic 820 

inflammatory conditions.  821 

 822 

Overall, we found no significant differences in the total percentage of CNS-associated 823 

immune cells between groups in our males or our KO females, but did observe an increase in 824 

CD45+ cells with LPS-induced CSI in B6 female mice which reveal important sex and genotype 825 

specific effects on CNS-associated immune cell population dynamics. Interestingly, we see a 826 

bias for more CNS-associated phenotypes due to RGS10 deficiency and LPS-induced CSI than 827 

blood-associated phonotypes, indicating that CNS-associated immune populations may be 828 

more sensitive to loss of RGS10 under chronic inflammatory conditions which is consistent with 829 

the fact that RGS10 transcripts were significantly reduced in the CNS but not in the blood.  830 
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Moreover, we were able to detect significant sex-specific differences with RGS10 in both 831 

humans and mice. Specifically, within PD, males have less RGS10 than females. This difference 832 

is interesting considering that men are at a higher risk for developing PD than women[62]. 833 

Previous studies using mouse models demonstrate that RGS10-deficient male mice develop 834 

inflammatory related phenotypes earlier and to a greater degree compared to their female 835 

counterparts[39]. Our study, highlights the sex-specific alterations in immune cell frequencies 836 

and activation with RGS10, where most of the phenotypes described are more prominent or 837 

only present in males, which is particularly evident in myeloid activation.  838 

 839 

In summary, we demonstrate a reduction in RGS10 levels in the CSF of PD patients 840 

compared to healthy controls and prodromal individuals. Furthermore, we reveal significant 841 

alterations in myeloid cell activation, antigen-presenting capacity, and cytotoxic immune cells in 842 

the blood and CNS under CSI conditions when RGS10 is absent. Importantly, we cannot 843 

determine if this reduction of RGS10 in the CSF is specific to immune cells, as the proteomic 844 

data set lacks single cell resolution. This limitation could be mitigated by single-cell proteomics 845 

or mass cytometry analyses in future studies. Single-cell transcriptomic analysis and ATAC-846 

sequencing of the CSF would also reveal if RGS10 transcripts were suppressed in PD patients 847 

through epigenetic regulation. Additionally, if longitudinal proteomic data from within subjects 848 

becomes available, re-running these analyses as repeated measures within subjects would 849 

allow us to better determine if RGS10 levels change with PD progression, advanced age, and/or 850 

years with disease.  851 

 852 
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This study examined RGS10 mediated immune functions in adult mice but not aged 853 

mice. To better understand RGS10 mediated immunity in the context of neurogenerative 854 

diseases, in future studies we plan to examine our CSI paradigm in the context of aging. 855 

Moreover, our assessment of immune cell populations through flow cytometry captures 856 

immune cells frequencies present at the time of harvest, and we are unable to determine 857 

immune cell recruitment and/or migration to or through our tissues of interest. Immune cell 858 

tracking and fate-mapping experiments would further inform the extent to which alterations in 859 

immune cell frequencies are a result of immune cell recruitment or local expansion. This would 860 

be especially informative to determine the extent of peripheral immune cell infiltration into the 861 

brain parenchyma. Accordingly, future studies should identify how RGS10 and CSI regulate 862 

specialized immune cell populations that reside in each CNS compartment (i.e. the parenchyma, 863 

the meninges, and the peri-vascular space) separately. Additionally, we utilized a targeted 864 

transcriptomic analysis that relies on reads of raw RNA counts and did not include any gene 865 

amplification therefore limiting the number of transcripts we are able to capture. Furthermore, 866 

as with the proteomic analysis above, our target transcriptomic analysis lacks single-cell 867 

resolution, and we are therefore unable to assign differentially expressed genes to particular 868 

cell types. Lastly, we observed significant impairments in antigen-presenting capacity as well as 869 

lymphocyte engagement due to KO and CSI which may indicate that RGS10-deficient immune 870 

cells are more primed for exhaustion under chronic inflammatory conditions and potentiate 871 

defective immune responses. Therefore, future studies should also examine the functional 872 

capacity of and status of immune cell exhaustion in RGS10-deficient immune cells exposed to 873 

CSI.  874 
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 875 

Conclusions  876 

 877 

Here we report a decrease in RGS10 in the CSF of individuals with PD compared to 878 

healthy controls and prodromal individuals. Additionally, we find that RGS10 levels are 879 

significantly predicted by age and sex but not disease progression as measured by the total 880 

UPDRS score. Moreover, we find that RGS10 deficiency synergizes with LPS-induced CSI to 881 

induce a bias towards inflammatory myeloid cells and cytotoxic cell populations, as well as a 882 

reduction in innate and adaptive crosstalk via MHCII in the circulation and in and around the 883 

brain most notably in males. These results, for the first time, highlight RGS10 as an important 884 

regulator of the systemic immune response to CSI and implicate RGS10 as a potential 885 

contributor to the development of immune dysregulation in PD.     886 

 887 

Abbreviations 888 

RGS10 – Regulator of G-protein signaling 10 889 

PD – Parkinson’s disease 890 

CSF – Cerebral spinal fluid  891 

PPMI – Parkinson’s Progression Markers Initiative 892 

CSI – Chronic systemic inflammation 893 

CNS – Central nervous system 894 

NFK-kB – Nuclear factor kappa-light-chain-enhancer of activated B cells 895 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 29, 2024. ; https://doi.org/10.1101/2024.10.24.620078doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.24.620078
http://creativecommons.org/licenses/by-nc-nd/4.0/


STIM2 – Stromal interaction molecule 2 896 

ROS – Reactive oxygen species  897 

CIDs – Chronic inflammatory diseases 898 

RA – Rheumatoid arthritis 899 

IBD – Inflammatory bowel disease 900 

IBS – Irritable bowel syndrome 901 

RNA – Ribonucleic acid  902 

PBMCs – Peripheral mononuclear cells  903 

MJFF – Michael J Fox Foundation  904 

IRB – International review board 905 

DAT – Dopamine  906 

RFU – Relative fluorescence units 907 

pQTL – Protein quantitative trait loci 908 

IACUC –  Institutional Animal Care and Use Committee 909 

B6 – C57BL6/J 910 

KO – RGS10 KO  911 

LPS – Lipopolysaccharide  912 

IP – Intraperitoneal 913 

EDTA – Ethylenediaminetetraacetic acid 914 

ACK – Ammonium chloride potassium  915 

HBSS – Hank’s balanced salt solution 916 

PBS – Phosphate buffered solution 917 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 29, 2024. ; https://doi.org/10.1101/2024.10.24.620078doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.24.620078
http://creativecommons.org/licenses/by-nc-nd/4.0/


D-PBS - Dulbecco's Phosphate-Buffered Saline 918 
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GRN - Granulin 920 
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CXCL13 – Chemokine ligand 13 940 
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